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ABSTRACT	  	  	   Currently	  there	  are	  no	  reliable	  treatment	  options	  for	  cancer	  metastasis.	  The	  complex	  cascade	  of	  events	  leading	  to	  metastasis	  reveals	  a	  multitude	  of	  therapeutic	  targets,	  but	  few	  of	  these	  targets	  are	  extensively	  involved	  in	  as	  many	  steps	  as	  the	  matrix	  metalloproteinases	  (MMPs).	  The	  MMP	  family	  is	  the	  major	  extracellular	  matrix	  (ECM)	  remodeling	  enzymes	  utilized	  by	  normal	  and	  cancerous	  cell	  alike.	  A	  therapeutic	  technique	  aimed	  at	  MMPs	  has	  been	  the	  subject	  of	  much	  research,	  but	  remains	  elusive	  due	  to	  two	  major	  concerns:	  1)	  MMPs	  are	  post-­‐translationally	  activated,	  usually	  by	  other	  MMPs,	  resulting	  in	  convoluted	  catalytic	  networks	  where	  activity	  does	  not	  equate	  expression,	  and	  2)	  lack	  of	  knowledge	  of	  both	  the	  specific	  and	  redundant	  roles	  of	  MMPs	  in	  particular	  microenvironments.	  Here	  I	  address	  both	  these	  concerns	  by	  using	  specific	  MMP	  activity	  probes	  and	  inhibitors	  to	  study	  how	  MMP	  activity	  is	  regulated	  by	  a	  variety	  of	  microenvironmental	  conditions	  including	  modulating	  both	  the	  ECM	  and	  the	  signaling	  factors	  available	  to	  the	  cells.	  With	  this	  study	  I	  have	  been	  able	  to	  demonstrate	  novel	  regulation	  of	  MMP	  activity	  by	  ECM	  stiffness	  and	  cellular	  contractility	  in	  pancreatic	  cancer	  cells.	  This	  response	  is	  mediated	  through	  a	  specific	  MMP,	  membrane-­‐tethered	  one	  MMP	  (MT1-­‐MMP),	  which	  activates	  secreted	  MMPs	  in	  response	  to	  mechanical	  stimulation.	  Finally	  I	  have	  shown	  that	  MMP	  activities	  are	  differentially	  modulated	  by	  growth	  factor	  stimulation	  and	  that	  whole	  cell	  MMP	  activity	  does	  not	  always	  correlate	  with	  localized	  ECM	  degradation.	  These	  findings	  bring	  cancer	  metastasis	  research	  another	  step	  closer	  to	  being	  able	  to	  effectively	  target	  MMPs	  for	  therapy.	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CHAPTER	  1:	  INTRODUCTION	  
	  
General	  Introduction	  
	  
	   Cancer	  metastasis	  remains	  one	  of	  the	  deadliest	  and	  most	  untreatable	  disease	  processes	  worldwide.	  Metastasis	  is	  defined	  as	  the	  development	  of	  secondary	  tumors	  consisting	  of	  cells	  derived	  from,	  but	  distant	  to	  the	  primary	  tumor	  [1].	  Many	  primary	  tumors	  have	  incredibly	  effective	  surgical	  and	  chemotherapeutic	  treatments	  extending	  the	  long-­‐term	  survival	  rate	  of	  patients	  well	  above	  90%.	  Conversely,	  once	  metastasis	  has	  occurred,	  treatment	  options	  are	  scarce	  and	  long	  term	  survival	  drops	  down	  to	  approximately	  15%	  [2].	  Metastasis	  has	  also	  been	  shown	  to	  be	  particularly	  important	  in	  pancreatic	  cancers,	  a	  cancer	  that	  is	  not	  usually	  diagnosed	  until	  a	  post-­‐metastatic	  stage	  [3,4].	  The	  major	  steps	  in	  the	  metastatic	  cascade	  have	  recently	  been	  described	  by	  Valastyan	  and	  Weinberg	  and	  include	  seven	  crucial	  events	  cancer	  cells	  must	  complete	  in	  order	  to	  successfully	  metastasize:	  1)	  local	  invasion	  into	  extracellular	  matrix	  (ECM)	  and	  stromal	  cell	  layers	  surrounding	  the	  primary	  tumor	  2)	  intravasation	  into	  the	  circulatory	  system	  3)	  survival	  while	  moving	  throughout	  the	  vasculature	  4)	  recruitment	  to	  and	  subsequent	  retention	  at	  a	  distant	  site	  5)	  extravasation	  into	  distant	  tissues	  6)	  survival	  at	  distant	  sites	  and	  7)	  proliferation	  of	  cells	  to	  create	  another	  primary	  tumor-­‐like	  environment	  [5].	  Central	  to	  many	  of	  these	  steps	  is	  cell	  migration.	  	  Cells	  migrate	  through	  a	  cyclic	  process	  that	  includes	  protrusion	  at	  the	  leading	  edge	  of	  the	  cell,	  adhesion	  to	  various	  components	  in	  the	  extracellular	  matrix	  (ECM),	  generation	  of	  traction	  forces	  and	  retraction	  of	  the	  cell	  body	  forward	  [6].This	  process	  is	  principally	  accomplished	  through	  adhesion	  to	  the	  ECM	  utilizing	  large	  protein	  complexes	  called	  focal	  adhesions	  centered	  around	  intergrin	  receptors	  [7].	  Integrins	  are	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a	  family	  of	  transmembrane	  receptors	  that	  extracellularly	  bind	  to	  a	  multitude	  of	  ECM	  proteins.	  These	  include	  fibronectin	  and	  several	  types	  of	  collagen.	  On	  their	  intracellular	  domain,	  proteins	  assemble	  to	  form	  the	  focal	  adhesions	  that	  both	  physically	  link	  the	  ECM	  to	  the	  cytoskeleton	  and	  initiate	  signaling	  cascades	  that	  transmit	  ECM	  signals	  within	  the	  cell.	  These	  signals	  in	  turn	  influence	  migrational	  properties	  such	  as	  direction	  and	  speed.	  Physical	  adaptor	  proteins	  between	  the	  integrin	  subunits	  and	  the	  cytoskeleton	  include	  talin,	  kindlin,	  vinculin	  and	  paxillin,	  while	  the	  major	  signaling	  proteins	  associated	  with	  focal	  adhesions	  are	  Src	  family	  kinases	  and	  focal	  adhesion	  kinase	  [8].	  Recently,	  invadopodia,	  another	  specialized	  ECM	  degrading	  adhesive	  structure	  has	  been	  described,	  and	  appears	  to	  influence	  cell	  migration	  [9].	  Much	  of	  the	  work	  on	  cell	  migration	  has	  been	  conducted	  in	  2D	  environments,	  where	  cells	  can	  migrate	  freely;	  in	  
vivo	  they	  can	  encounter	  ECM	  barriers	  that	  prevent	  free	  migration.	  Some	  of	  these	  barriers	  directly	  involved	  in	  the	  seven	  metastatic	  steps	  described	  above	  include	  densely	  cross-­‐linked	  basement	  membranes	  associated	  with	  epithelia	  and	  vessel	  walls	  and	  cross-­‐linked,	  bundled	  or	  entangled	  ECM	  within	  stromal	  tissues.	  Cells	  use	  two	  different	  modes	  of	  migration	  to	  penetrate	  these	  barriers.	  In	  amoeboid	  migration,	  cells	  squeeze	  through	  ECM	  when	  pore	  size	  is	  greater	  than	  the	  cell	  nucleus	  using	  cell	  contraction.	  In	  mesenchymal	  migration,	  cells	  degrade	  the	  ECM	  barriers	  they	  encounter	  by	  using	  a	  large	  family	  of	  ECM	  degradation	  proteinases,	  called	  matrix	  metalloproteinases	  (MMPs)	  [10].	  These	  proteinases	  are	  well	  known	  for	  their	  ECM	  remodeling	  capabilities	  that	  enhance	  cell	  migration	  and	  metastasis.	  MMPs	  are	  a	  family	  of	  twenty-­‐four	  zinc-­‐dependent	  proteinases	  whose	  primary	  role	  is	  to	  cleave	  a	  variety	  of	  ECM	  proteins,	  though	  they	  have	  many	  more	  diverse	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substrates.	  MMPs	  are	  transcribed	  as	  inactive	  proteinases	  with	  a	  cysteine	  residue	  of	  a	  pro-­‐domain	  associated	  with	  the	  zinc	  ion	  in	  the	  catalytic	  site.	  This	  pro-­‐domain	  can	  be	  dislodged	  from	  the	  catalytic	  site	  through	  competitive	  allosteric	  binding	  of	  regulatory	  molecules	  that	  increases	  the	  chances	  of	  its	  cleavage	  by	  other	  proteinases	  or	  MMPs.	  This	  results	  in	  catalytic	  activation	  [11,12].	  The	  MMP	  substrate	  specificity	  is	  wide	  across	  the	  entire	  family	  and	  individual	  proteinases.	  The	  MMP	  family	  consists	  of	  both	  secreted	  (S-­‐MMP)	  and	  membrane-­‐tethered	  (MT-­‐MMP)	  proteinases,	  inducing	  both	  distant	  and	  pericellular	  enzyme	  activities	  [13].	  MMPs	  were	  classically	  divided	  into	  four	  groups,	  collagenases,	  gelatinases,	  stromeylsins,	  and	  MT-­‐MMPS.	  These	  divisions	  were	  created	  based	  on	  substrate	  specificity	  and	  location.	  Collagenases,	  including	  MMP-­‐1,	  -­‐8,	  and	  -­‐13,	  cleave	  triple	  helical	  collagen	  at	  a	  single	  site	  and	  MMP-­‐13	  specifically	  is	  associated	  with	  the	  high	  incidence	  of	  bone	  metastasis	  in	  breast	  cancer	  [14,15].	  Gelatinases,	  MMP-­‐2	  and	  MMP-­‐9,	  cleave	  denatured	  collagens	  and	  were	  the	  first	  to	  be	  identified	  as	  major	  degraders	  of	  the	  basement	  membranes	  [15,16].	  Stromeylsins,	  MMP-­‐3,	  10	  and	  -­‐11,	  cleave	  proteoglycans,	  but	  also	  have	  the	  widest	  substrate	  specificity	  of	  any	  of	  the	  MMP	  sub	  groups	  [15].	  Additionally,	  MMP-­‐3	  or	  stromeylsin-­‐1	  induces	  epithelial	  to	  mesenchymal	  transition	  (EMT),	  accelerating	  cell	  migration	  in	  many	  disease	  progressions	  [17].	  MT-­‐MMPs:	  MMP-­‐14,	  -­‐15,	  -­‐16,	  -­‐17,	  -­‐24	  and	  -­‐25,	  contain	  a	  protein	  transmembrane	  domain	  anchoring	  them	  into	  the	  plasma	  membrane	  [15].	  Membrane-­‐type	  1	  MMP	  (MT1-­‐MMP	  or	  MMP-­‐14)	  specifically	  has	  been	  recognized	  as	  a	  major	  mediator	  of	  cell	  migration	  and	  metastasis	  due	  to	  its	  exceptional	  substrate	  diversity,	  location	  within	  the	  cell	  membrane,	  and	  additional	  roles	  in	  intra-­‐MMP	  regulation.	  MT1-­‐MMP	  was	  originally	  found	  to	  have	  activity	  towards	  MMP	  pro-­‐domains,	  specifically	  of	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MMP-­‐2,	  MMP-­‐8	  and	  MMP-­‐13	  [18].	  It	  has	  since	  been	  found	  to	  also	  be	  capable	  of	  degrading	  ECM	  proteins:	  collagen	  type	  I,	  II	  and	  III,	  fibronectin,	  vitronectin,	  and	  tenascin	  [19].	  It	  has	  been	  termed	  a	  sheddase	  for	  its	  ability	  to	  cleave	  cadherin	  molecules	  and	  other	  adhesion	  proteins	  on	  the	  cell	  surface.	  In	  addition	  it	  can	  free	  growth	  factors	  bound	  to	  the	  ECM	  to	  direct	  cell	  migration	  [8].	  MT1-­‐MMP	  has	  also	  been	  found	  to	  be	  spatially	  regulated	  with	  varying	  activities	  in	  cell	  migration	  structures,	  such	  as	  lamellapodia	  and	  focal	  adhesions	  and	  specialized	  ECM	  degrading	  structures,	  such	  as	  invadopodia	  and	  podosomes	  [9,20,21,22,23,24,25].	  As	  can	  be	  expected,	  MMP	  expression	  is	  increased	  in	  migratory	  cells,	  correlates	  with	  increased	  secondary	  tumor	  formation	  and	  is	  associated	  with	  poor	  prognosis	  in	  many	  cancers	  [26].	  These	  proteinases’	  overexpression	  has	  been	  targeted	  as	  one	  of	  the	  evolving	  genetic	  drivers	  of	  metastasis.	  Classically,	  metastasis	  research	  has	  focused	  on	  finding	  a	  single	  mutagenic	  component	  within	  the	  primary	  tumor	  that	  results	  in	  the	  switch	  to	  an	  invasive	  phenotype.	  Many	  gene	  expression	  profiles	  have	  been	  created	  by	  removing	  tumors	  from	  patients	  and	  determining	  additive	  expression	  levels	  for	  important	  proteins.	  These	  expression	  biomarkers	  are	  associated	  with	  EMT,	  and	  usually	  involve	  genes	  that	  induce	  increased	  ECM	  protein	  expression	  and	  MMP	  expression	  [27,28,29,30].	  This	  genetic	  data,	  while	  extremely	  useful,	  remains	  inconsistent	  across	  cancer	  types	  and	  has	  failed	  to	  provide	  good	  therapeutic	  targets	  for	  metastasis.	  One	  of	  the	  best	  examples	  of	  this	  is	  the	  development	  and	  clinical	  testing	  of	  broad	  class	  MMP	  inhibitors	  (MMPIs).	  Once	  the	  role	  of	  MMPs	  in	  ECM	  degradation	  was	  characterized	  and	  their	  expression	  was	  seen	  to	  increase	  in	  metastatic	  lesions,	  MMPIs	  were	  quickly	  developed	  as	  competitive	  inhibitors	  that	  mimicked	  collagen	  cleavage	  sequences	  to	  block	  all	  MMP	  activities.	  These	  broad	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class	  MMPIs	  showed	  promise	  in	  preclinical	  studies,	  reducing	  metastatic	  colony	  numbers	  in	  murine	  models	  [31].	  When	  the	  drugs	  then	  entered	  clinical	  studies,	  restricted	  to	  patients	  with	  late	  stage	  cancer,	  the	  results	  were	  incredibly	  disappointing.	  	  MMPI	  treatment	  either	  caused	  adverse	  side	  effects	  or	  was	  capable	  of	  worsening	  patient	  condition	  [32,33].	  Clinical	  trials	  were	  prematurely	  terminated	  and	  the	  whole	  field	  went	  back	  to	  the	  drawing	  board.	  	  Since	  this	  failure	  in	  the	  clinical,	  setting	  major	  aspects	  about	  MMPs	  and	  cancer	  metastasis	  research	  as	  a	  whole	  have	  been	  revisited.	  	  The	  entire	  MMP	  family	  does	  not	  cooperatively	  operative	  towards	  the	  same	  goal	  of	  ECM	  degradation	  and	  enhanced	  cell	  migration	  in	  metastasis.	  Also,	  tumor	  genetics	  as	  indicated	  by	  expression	  levels	  removed	  from	  analysis	  of	  the	  stromal	  environment	  does	  not	  describe	  the	  entire	  picture	  of	  metastatic	  progression.	  Emerging	  within	  the	  field	  of	  metastatic	  research	  is	  the	  concept	  of	  the	  tumor	  microenvironment.	  The	  microenvironment	  consists	  of	  a	  unique	  signaling	  space	  that	  develops	  around	  primary	  tumors	  creating	  and	  promoting	  a	  metastatic	  environment	  [34].	  These	  environmental	  factors	  work	  with	  the	  constantly	  evolving	  genetics	  within	  the	  cancer	  cells	  to	  provide	  the	  signals	  for	  cell	  migration	  and	  metastasis.	  The	  microenvironment	  consists	  of	  two	  main	  components	  that	  can	  provide	  pro-­‐metastatic	  signaling:	  the	  ECM	  protein	  structure	  and	  the	  diffusible	  molecules	  in	  the	  stroma.	  The	  ECM	  protein	  structure	  provides	  both	  chemical	  and	  physical	  cues	  to	  enhance	  the	  metastatic	  process.	  Additionally,	  several	  stromal	  conditions	  including	  increased	  growth	  factor	  signaling	  and	  hypoxic	  state	  promote	  metastatic	  cell	  behavior.	  These	  elements	  of	  the	  microenvironment	  have	  been	  shown	  to	  not	  only	  enhance	  metastasis	  as	  a	  whole,	  but	  to	  also	  alter	  MMP	  expression	  levels.	  Changes	  in	  MMP	  expression	  and	  activity	  are	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acknowledged	  as	  the	  mechanism	  for	  how	  many	  of	  these	  factors	  contribute	  to	  enhanced	  cell	  migration	  and	  metastasis	  [26].	  The	  ECM	  can	  be	  viewed	  as	  providing	  two	  different	  types	  of	  signals	  to	  alter	  cellular	  behavior:	  chemical	  and	  physical.	  The	  chemical	  nature	  of	  the	  ECM	  includes	  the	  density	  and	  type	  of	  ECM	  proteins	  present	  within	  the	  microenvironment.	  Different	  ECM	  proteins	  are	  up-­‐regulated	  in	  different	  cancer	  types	  [28,35].	  It	  has	  also	  been	  shown	  that	  specific	  ECM	  types	  differentially	  influence	  tumor	  properties,	  such	  as	  size	  and	  degree	  of	  vasculature	  infiltration	  and	  are	  specifically	  patterned	  within	  the	  tumor.	  Fibronectin	  is	  specifically	  located	  at	  the	  invasion	  front,	  inducing	  cell	  migration,	  while	  collagen	  is	  increased	  in	  the	  interior	  of	  the	  primary	  tumor,	  increasing	  bulk	  size	  [28].	  ECM	  protein	  type	  and	  density	  also	  vary	  in	  specialized	  ECM	  structures,	  such	  as	  basement	  membranes,	  that	  cells	  must	  degrade	  and	  remodel	  during	  the	  different	  steps	  of	  the	  metastatic	  cascade	  [5,8,36].	  In	  addition	  to	  general	  effects	  on	  increased	  metastasis,	  specific	  ECM	  proteins	  have	  been	  shown	  to	  increase	  the	  expression	  of	  specific	  MMPS.	  MMP-­‐2	  and	  MT1-­‐MMP	  have	  shown	  an	  increase	  in	  expression	  in	  pancreatic	  cancer	  cells	  plated	  on	  collagen	  type	  I	  and	  MMP-­‐13	  increases	  in	  expression	  in	  breast	  cancer	  cells	  on	  collagen	  type	  I	  [14,37,38].	  The	  ECM	  as	  a	  chemical	  signal	  is	  furthermore	  enhanced	  as	  it	  interacts	  with	  additional	  signaling	  molecule	  present	  in	  the	  microenvironment.	  	  ECM	  proteins	  can	  bind	  many	  types	  of	  growth	  factors	  within	  the	  stroma,	  acting	  as	  a	  scaffold	  on	  which	  to	  spatially	  present	  growth	  factors	  and	  ECM	  in	  close	  proximity	  or	  as	  signaling	  reserve	  that	  can	  be	  accessed	  upon	  ECM	  degradation	  [39,40].	  Cells	  can	  differentially	  adhere	  to	  the	  ECM-­‐growth	  factor	  complexes	  in	  a	  density-­‐dependent	  manner,	  influencing	  properties	  such	  as	  cell	  speed	  and	  direction	  [8,41].	  Aside	  from	  directly	  binding	  growth	  factor	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molecules,	  concurrent	  signals	  from	  both	  ECM	  and	  signaling	  molecules	  can	  have	  different	  effects	  than	  each	  independently.	  For	  example,	  Epidermal	  growth	  factor	  (EGF)	  can	  increase	  the	  expression	  of	  MMP-­‐2	  in	  cells	  simultaneously	  exposed	  to	  collagen	  type	  1	  [42].	  Aside	  from	  its	  chemical	  properties,	  the	  ECM	  can	  also	  shape	  metastasis	  through	  physical	  properties,	  such	  as	  stiffness	  and	  protein	  fiber	  structure.	  	  An	  increase	  in	  ECM	  stiffness	  is	  associated	  with	  many	  tumors	  and	  is	  caused	  by	  increases	  in	  protein	  crosslinking	  and	  stromal	  cell	  contraction	  [43,44].	  	  This	  increase	  in	  stiffness	  in	  turn	  accelerates	  metastatic	  progression	  and	  cell	  migration	  [45].	  	  These	  changes	  in	  ECM	  stiffness	  are	  sensed	  by	  the	  cell	  via	  myosin	  II	  and	  results	  in	  increases	  in	  the	  traction	  forces	  exerted	  by	  the	  cell	  on	  the	  environment	  [46].	  	  Increased	  traction	  forces	  require	  both	  increased	  contractility	  and	  adhesion	  through	  integrins	  and	  lead	  to	  enhanced	  metastatic	  potential,	  morphology	  changes,	  altered	  focal	  adhesion	  patterns	  and	  changes	  in	  invadopodia	  properties	  [47,48,49,50,51].	  	  Collagen	  fibers	  are	  also	  realigned	  in	  a	  perpendicular	  direction	  to	  the	  tumor	  margin,	  increasing	  migration	  away	  from	  the	  tumor,	  and	  have	  been	  shown	  to	  influence	  invadopodia	  organization	  [35,52].	  These	  physical	  properties	  have	  also	  been	  found	  to	  alter	  MMP	  levels.	  Signaling	  networks	  associated	  with	  the	  cellular	  contractile	  response	  to	  increased	  ECM	  stiffness,	  such	  as	  Rho-­‐ROCK	  signaling	  can	  induce	  MT1-­‐MMP	  expression	  [38].	  Fibrillar	  collagen	  type	  I	  organization	  promotes	  MMP-­‐2	  activation	  via	  MT1-­‐MMP[53,54,55].	  In	  addition,	  various	  MMPs	  appear	  to	  alter	  expression	  patterns	  differently	  in	  cells	  on	  2D	  versus	  in	  3D	  matrix	  environments,	  suggesting	  that	  stiffness,	  confinement	  or	  dimensionality	  regulates	  MMP	  activity	  [56].	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Diffusible	  signal	  molecules	  in	  the	  microenvironment	  also	  contribute	  to	  pro-­‐metastatic	  signaling.	  Growth	  factor	  gradients	  have	  been	  shown	  to	  drive	  cell	  migration	  and	  resulting	  metastasis,	  through	  chemotaxis	  [57,58].	  	  Epidermal	  growth	  factor	  (EGF)	  has	  been	  extensively	  studied	  and	  has	  been	  shown	  to	  increase	  migration	  of	  a	  multitude	  of	  cells	  and	  to	  enhance	  cancer	  cell	  migration	  and	  metastatic	  potential	  [59,60,61,62].	  EGF	  can	  also	  alter	  focal	  adhesion	  dynamics	  and	  stimulates	  invadopodia	  formation	  [7,63].	  Soluble	  chemokines	  alter	  the	  immune	  response	  in	  the	  microenvironment,	  sometimes	  providing	  the	  protection	  cancer	  cells	  need	  to	  evade	  detection	  and	  removal.	  This	  allows	  primary	  tumor	  growth	  and	  disease	  progression	  to	  a	  metastatic	  state	  [34].	  Chemokines,	  such	  as	  stromal	  derived	  factor-­‐1	  alpha	  (SDF-­‐1α),	  can	  also	  act	  as	  pro-­‐migration	  factors	  [64,65].	  Hypoxia,	  or	  a	  lack	  of	  oxygen,	  usually	  due	  to	  the	  lack	  of	  infiltrating	  vasculature	  within	  a	  tumor,	  can	  also	  induce	  metastasis.	  The	  lack	  of	  oxygen	  also	  increases	  focal	  adhesion	  turnover,	  increasing	  the	  speed	  of	  migration	  observed	  in	  many	  metastatic	  cell	  types	  [66].	  In	  addition	  to	  altering	  cell	  migration	  and	  metastatic	  outcomes,	  growth	  factors,	  chemokines	  and	  hypoxic	  conditions	  have	  also	  been	  shown	  to	  alter	  MMP	  expression.	  Hypoxia	  stimulates	  MMP-­‐2	  and	  MMP-­‐9	  expression	  and	  ECM	  degradation	  [67,68,69].	  SDF-­‐1α	  stimulates	  MT1-­‐MMP	  expression	  and	  mRNA	  levels	  [64,65].	  EGF	  has	  been	  shown	  to	  alter	  MT1-­‐MMP,	  MMP-­‐2	  and	  MMP-­‐9	  expression	  levels	  in	  many	  cancer	  cell	  lines	  and	  under	  a	  variety	  of	  conditions	  [42,70,71,72,73].	  Though	  growth	  factors	  can	  alter	  MMP	  expression	  as	  described	  above,	  MMP	  activities	  can	  concurrently	  alter	  growth	  factor	  availability.	  Again,	  ECM	  proteins	  can	  bind	  growth	  factors	  and	  act	  as	  a	  signaling	  reserve.	  MMPs	  produced	  by	  cells	  in	  the	  microenvironment	  can	  then	  cleave	  these	  growth	  factors	  from	  the	  ECM,	  releasing	  them	  as	  soluble	  actors	  in	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the	  microenvironment.	  In	  this	  way	  MMPs	  can	  change	  the	  local	  concentrations	  of	  signaling	  molecules	  in	  the	  microenvironment	  [8].	  Finally,	  in	  concert	  with	  microenvironmental	  regulators	  of	  metastasis	  and	  MMP	  expression,	  cancer	  cells	  act	  in	  conjunction	  with	  many	  non-­‐cancer	  or	  stromal	  cells	  while	  undergoing	  progression	  to	  metastasis.	  Stromal	  cells	  including	  immune	  cells	  and	  fibroblasts	  commonly	  infiltrate	  primary	  tumors	  and	  compose	  a	  significant	  portion	  of	  the	  microenvironment.	  	  Stromal	  cell	  infiltration	  is	  correlated	  with	  poor	  prognosis	  and	  increased	  metastatic	  potential.	  	  Cancer	  associated	  fibroblasts	  (CAFs)	  and	  tumor	  associated	  macrophages	  (TAMs)	  are	  the	  most	  common	  infiltrating	  cell	  populations.	  These	  cells	  help	  organize	  the	  growth	  factor	  signals	  presented	  to	  cancer	  cells	  and	  contribute	  to	  ECM	  deposition	  or	  reorganization	  in	  the	  microenvironment.	  These	  roles	  increase	  cell	  migration	  and	  metastatic	  potential	  of	  local	  cancer	  cells	  [34].	  Stromal	  cell	  infiltration	  has	  also	  been	  shown	  to	  impact	  the	  MMP	  profile	  in	  the	  microenvironment	  as	  each	  type	  of	  cell,	  cancerous	  and	  stromal,	  contributes	  its	  own	  unique	  set	  of	  MMPs	  to	  the	  tumor	  microenvironment.	  With	  both	  cancer	  cells	  and	  stromal	  cells	  contributing	  to	  the	  pool	  of	  MMPs	  within	  the	  microenvironment,	  which	  are	  then	  regulated	  by	  both	  ECM	  and	  soluble	  signaling	  molecules,	  a	  complex	  proteolytic	  regulation	  network	  can	  be	  imagined.	  It	  is	  well	  known	  that	  MT1-­‐MMP	  can	  activate	  other	  MMPs,	  most	  notably	  MMP-­‐2,	  and	  MMP-­‐2	  in	  turn	  can	  regulate	  the	  activity	  of	  MT1-­‐MMP	  [11].	  MMPs	  also	  have	  more	  specific	  roles	  within	  and	  aside	  from	  ECM	  degradation	  than	  previously	  thought.	  MMP-­‐13	  is	  closely	  associated	  with	  breast	  cancer	  metastasis	  into	  bone	  tissues	  [14].	  MMP-­‐3	  and	  MMP-­‐7	  expression	  specifically	  increases	  in	  EMT,	  and	  MMP-­‐9	  has	  an	  additional	  role	  in	  angiogenesis	  as	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previously	  mentioned	  [74,75].	  MMP-­‐12	  has	  even	  been	  found	  to	  have	  anti-­‐tumor	  effects	  by	  increasing	  apoptosis	  through	  death	  ligand	  processing	  and	  inhibiting	  angiogenic	  processes	  [13,76,77].	  The	  field	  is	  just	  now	  beginning	  to	  understand	  the	  complex	  proteolytic	  networks	  present	  within	  the	  cancer	  microenvironment	  and	  how	  these	  all	  interplay	  to	  fulfill	  all	  the	  roles	  stated	  above.	  Adding	  to	  the	  complexity	  of	  the	  overlapping	  regulation	  and	  specific	  roles	  of	  MMPs	  within	  the	  tumor	  microenvironment	  is	  the	  recent	  finding	  that	  MMP	  expression	  does	  not	  necessarily	  correlate	  with	  MMP	  activity	  [78].	  	  The	  following	  point	  illustrates	  the	  motivation	  for	  this	  work:	  The	  vast	  majority	  of	  MMP	  research	  focuses	  on	  changes	  in	  MMPs	  at	  the	  level	  of	  expression,	  however	  catalytic	  activities	  are	  tightly	  post-­‐translationally	  regulated	  [11].	  In	  truth,	  MMPs	  have	  three	  points	  of	  post-­‐translational	  regulation	  that	  could	  disconnect	  relevant	  activity	  from	  expression:	  activation	  from	  a	  pro-­‐MMP,	  alteration	  of	  catalytic	  activity	  from	  microenvironmental	  factors,	  and	  sub-­‐cellular	  localized	  activity.	  Again,	  MMPs,	  most	  notably	  MT1-­‐MMP,	  plasmin	  and	  furin	  activate	  a	  network	  of	  MMPs	  for	  a	  variety	  of	  specific	  roles	  [13].	  In	  addition	  to	  the	  factors	  described	  above,	  naturally	  occurring	  MMP	  inhibitors,	  tissue	  inhibitors	  of	  metalloproteinases	  (TIMPs),	  keep	  MMP	  activities	  in	  check	  [79].	  MT1-­‐MMP	  also	  provides	  specific	  pericellular	  degradation	  functions	  in	  specialized	  structures	  that	  link	  the	  cell	  to	  the	  ECM.	  MT1-­‐MMP	  has	  been	  shown	  to	  localize	  and	  degrade	  ECM	  at	  focal	  adhesions	  and	  invadopodia,	  but	  it	  has	  yet	  to	  be	  shown	  how	  this	  activity	  in	  these	  specialized	  structures	  is	  regulated	  [21,80].	  	  With	  this	  in	  mind,	  traditional	  measures	  of	  expression	  may	  not	  be	  the	  most	  useful	  for	  MMP	  research	  going	  forward.	  	  Unfortunately,	  information	  on	  MMP	  activity	  is	  largely	  lacking	  due	  to	  a	  deficiency	  in	  effective	  tools	  and	  a	  low	  number	  of	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studies	  using	  the	  small	  number	  of	  effective	  tools	  to	  investigate	  MMP	  activity	  in	  live	  cells.	  	  Gelatin	  zymography	  attempts	  to	  measure	  activity	  by	  separating	  different	  MMP	  protein	  fragments	  using	  electrophoresis	  and	  measuring	  their	  degradative	  capability	  of	  gelatin.	  This	  method	  has	  several	  flaws.	  Gelatin	  zymography	  requires	  a	  large	  mass	  of	  dead	  cell	  extract,	  possibly	  changing	  the	  local	  MMP	  environment	  resulting	  in	  non-­‐representative	  MMP	  activity.	  Labeled	  fibronectin	  or	  gelatin	  degradative	  assays	  for	  invadopodia	  also	  measure	  MMP	  activity	  in	  live	  cells,	  but	  only	  with	  respect	  to	  ECM	  degradation	  and	  not	  other	  MMP	  targets.	  In	  addition,	  because	  ECM	  degradation	  is	  usually	  assayed	  through	  degradation	  of	  fibronectin	  or	  gelatin,	  activities	  towards	  other	  ECM	  proteins	  are	  unknown	  in	  this	  context.	  This	  lack	  of	  tools	  has	  created	  a	  great	  need	  for	  MMP	  activity	  probes	  that	  can	  be	  location	  specific	  within	  live	  cells	  grown	  in	  some	  type	  of	  in	  vivo	  or	  in	  
vitro	  microenvironment.	  	  One	  of	  the	  most	  common	  solutions	  to	  measuring	  MMP	  activity	  is	  to	  use	  self-­‐quenched	  cleavage	  peptides.	  These	  probes	  are	  based	  on	  Fluorescence	  Resonance	  Energy	  Transfer	  (FRET).	  They	  contain	  an	  excitable	  fluorophore	  donor	  that	  transfers	  it’s	  energy	  to	  an	  acceptor	  molecule	  that	  absorbs	  the	  energy	  when	  in	  close	  proximity	  thus	  quenching	  the	  donor.	  	  Once	  the	  peptide	  is	  cleaved,	  the	  donor	  fluorophore	  is	  allowed	  to	  emit	  light	  when	  excited.	  	  Many	  early	  probes	  were	  constructed	  using	  chemical	  dyes	  [81,82].	  	  More	  recently,	  other	  types	  of	  fluorophores	  such	  as	  quantum	  dots	  have	  been	  used	  due	  to	  their	  enhanced	  photostability	  over	  traditional	  chemical	  dyes	  [83,84,85].	  	  MMPs	  specificity	  is	  generally	  endowed	  by	  engineering	  the	  peptide	  sequences	  to	  mimic	  ECM	  protein	  cleavage	  sites	  [81,82].	  Though	  some	  specificity	  can	  be	  achieved	  with	  these	  peptides,	  more	  commonly	  these	  peptides	  are	  recognized	  by	  a	  subset	  of	  MMPs.	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Enhancing	  specificity	  can	  be	  achieved	  by	  localizing	  the	  probe	  close	  to	  the	  MMP.	  This	  is	  an	  attractive	  approach	  with	  MT1-­‐MMP	  given	  its	  localization	  to	  the	  plasma	  membrane	  which	  can	  be	  targeted	  through	  several	  different	  means.	  	  Consequently,	  coincidence	  detectors	  with	  specific	  targeting	  and	  sensing	  abilities	  could	  be	  used	  to	  understand	  specific	  and	  spatially	  dependent	  MMP.	  Given	  that	  targeting	  peptides	  to	  subcellular	  locations,	  including	  the	  cell	  membrane,	  is	  not	  easily	  achieved	  and	  that	  chemical	  dyes	  traditionally	  used	  in	  FRET	  pairs	  have	  known	  problems	  with	  stability,	  quantum	  dots	  (QDs)	  have	  emerged	  as	  a	  useful	  platform.	  The	  use	  of	  QDs	  as	  the	  donor	  molecule	  for	  FRET	  based	  sensors	  has	  begun	  to	  impact	  the	  field	  of	  enzymatic	  activity	  sensing.	  	  QDs	  are	  semiconducting	  nanocrystals	  that	  fluorescence	  brightly	  without	  photo-­‐bleaching.	  	  The	  color	  of	  light	  they	  emit	  is	  based	  on	  their	  overall	  size,	  generally	  between	  5	  and	  20	  nm	  in	  diameter.	  	  The	  major	  potential	  of	  QDs	  for	  biosensing	  applications	  lies	  within	  the	  ability	  to	  specifically	  functionalize	  their	  surfaces	  with	  a	  variety	  of	  molecules	  for	  targeting	  cells.	  	  QDs	  have	  been	  used	  in	  several	  imaging	  applications,	  but	  so	  far	  suffer	  restraints	  due	  to	  the	  lack	  of	  surface	  functionalization	  techniques	  [86].	  	  Still,	  with	  sufficient	  surface	  functionalization	  techniques	  some	  studies	  have	  only	  shown	  moderate	  success	  with	  QD	  based	  bio-­‐sensors	  for	  enzymatic	  activities	  [85,87].	  	  In	  order	  to	  apply	  these	  successes	  to	  the	  development	  of	  individual	  MMP	  specific	  QD-­‐based	  biosensors,	  targeting	  to	  MMP	  location	  within	  or	  outside	  of	  the	  cell	  is	  necessary.	  	  For	  example,	  a	  MT1-­‐MMP	  biosensor	  would	  be	  most	  efficient	  if	  targeted	  to	  cell	  membranes,	  where	  MT1-­‐MMP	  is	  active.	  	  Probes	  specific	  to	  both	  individual	  MMPs	  and	  spatial	  location	  within	  a	  cellular	  system,	  in	  conjunction	  with	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more	  specific	  MMPIs	  will	  give	  the	  field	  the	  most	  insight	  into	  the	  specific	  roles	  of	  each	  MMP	  within	  the	  tumor	  microenvironment.	  	   Some	  work	  has	  been	  completed	  recently	  on	  both	  activity	  monitoring	  probes	  and	  inhibitors	  as	  methods	  of	  elucidating	  the	  roles	  of	  specific	  MMP	  activities.	  Their	  development	  remains	  tricky	  due	  to	  the	  highly	  conserved	  active	  site	  of	  the	  MMP	  family	  [88,89].	  	  Target-­‐based	  profiling	  approaches	  aimed	  at	  measuring	  MMP	  activity	  still	  generally	  gain	  specificity	  with	  various	  sequences	  or	  structures	  of	  a	  substrate	  to	  target	  individual	  MMPs.	  	  Almost	  all	  of	  these	  probes	  operate	  using	  FRET	  between	  different	  fluorophores	  or	  nanoparticles.	  Though	  location	  specificity	  has	  generally	  yet	  to	  be	  explored,	  some	  of	  these	  sequenced	  based	  substrates	  can	  have	  amazing	  specificities	  [90].	  Activity-­‐based	  profiling	  approaches	  aimed	  an	  inhibiting	  individual	  MMPs	  have	  been	  used	  as	  both	  possible	  therapeutic	  techniques	  and	  as	  a	  way	  to	  select	  individual	  MMP	  activities	  to	  measure(???)	  [91,92,93].	  These	  probes	  take	  the	  form	  of	  small	  molecule	  inhibitors	  or	  functional	  blocking	  antibodies.	  Most	  molecular	  probes	  bind	  to	  the	  MMP	  active	  site,	  but	  lack	  specificity	  again	  due	  to	  active	  site	  conservation	  [94,95,96].	  Protein	  engineering	  techniques	  are	  beginning	  to	  be	  developed	  to	  provide	  a	  efficient	  and	  specific	  methods	  to	  generate	  function	  blocking	  antibodies	  for	  individual	  MMPs	  [91].	  	  Functional	  blocking	  antibodies	  have	  also	  been	  developed	  for	  individual	  MMPs	  using	  a	  phage-­‐display	  system.	  	  An	  MT1-­‐MMP	  function	  blocking	  antibody	  has	  shown	  promise	  in	  reducing	  invasion	  an	  metastasis	  in	  vitro	  and	  in	  animal	  models	  [92].	  Though	  there	  is	  progress	  in	  obtaining	  probes	  specific	  to	  individual	  MMPs,	  much	  work	  needs	  to	  be	  done	  in	  order	  to	  fully	  understand	  the	  complex	  network	  of	  MMPs	  that	  function	  in	  cancer	  progression.	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In	  summary,	  cancer	  cell	  metastasis	  remains	  the	  deadliest	  factor	  of	  cancer	  progression.	  	  This	  process	  appears	  to	  be	  carried	  out	  through	  enhanced	  cell	  migration	  utilizing	  MMPs	  to	  navigate	  and	  remodel	  dense	  and	  crosslinked	  ECM	  barriers	  encountered	  by	  cells.	  MMP	  expression	  levels	  have	  long	  been	  thought	  to	  be	  a	  major	  genetic	  driver	  of	  this	  process,	  but	  investigation	  into	  how	  MMPs	  interact	  with	  the	  microenvironment	  of	  the	  tumor	  has	  been	  lacking.	  Major	  tumor	  microenvironment	  regulators	  including	  ECM	  and	  growth	  factor	  signaling	  have	  been	  shown	  to	  have	  some	  effect	  on	  MMP	  expression	  levels.	  While	  this	  data	  is	  useful,	  it	  may	  not	  correlate	  with	  the	  biologically	  important	  MMP	  activity.	  It	  will	  be	  necessary	  to	  investigate	  specific	  MMP	  activity	  and	  how	  that	  activity	  is	  altered	  in	  different	  chemical	  and	  physical	  environmental	  conditions	  in	  order	  to	  develop	  a	  complete	  picture	  of	  how	  MMPs	  are	  regulated	  throughout	  cancer	  progression	  to	  metastasis.	  	  	  
Objective	  
	   The	  objective	  of	  this	  thesis	  is	  to	  understand	  how	  individual	  MMP	  activities	  are	  regulated	  within	  relevant	  microenvironmental	  contexts	  in	  pancreatic	  cancer	  cells.	  MMP	  activity	  was	  measured	  under	  various	  chemical	  and	  physical	  ECM	  contexts	  as	  well	  as	  under	  growth	  factor	  stimulation.	  	  MMP	  activity	  was	  measured	  through	  the	  use	  of	  commercially	  available	  self-­‐quenched	  cleavage	  peptides,	  which	  are	  specific	  for	  S-­‐MMPs	  and	  MT-­‐MMPs.	  Specific	  MMP	  activities	  were	  inferred	  from	  these	  peptide	  responses	  through	  the	  use	  of	  restricted	  conditions	  and	  highly	  specific	  function	  blocking	  antibodies.	  	  In	  addition,	  the	  initial	  development	  of	  a	  QD	  based	  MT1-­‐MMP	  biosensor	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targeted	  to	  the	  cell	  membrane	  was	  investigated.	  Finally,	  localized	  MMP	  activity	  was	  measured	  using	  an	  ECM	  degradation	  assay	  for	  invadopodia	  activity.	  This	  allowed	  us	  to	  correlate	  the	  global	  MMP	  activities	  of	  pancreatic	  cancer	  cells	  to	  localized	  ECM	  degradative	  activity.	  	  
	  
	  
Thesis	  Organization	  
	   This	  thesis	  is	  primarily	  composed	  of	  my	  own	  original	  work.	  The	  following	  three	  chapters	  are	  published	  journal	  articles	  included	  in	  full.	  In	  the	  first	  article,	  “Mixed-­‐surface,	  lipid-­‐tethered	  quantum	  dots	  for	  targeting	  cells	  and	  tissues,”	  all	  data	  associated	  with	  figures	  2-­‐4,	  as	  well	  as	  supplementary	  figure	  1	  and	  the	  supplementary	  videos	  are	  my	  work.	  I	  also	  aided	  in	  editing	  the	  written	  manuscript	  for	  publication	  of	  this	  article.	  The	  next	  two	  articles,	  where	  I	  am	  listed	  as	  first	  author,	  all	  work	  and	  writing	  are	  my	  own.	  Chapter	  five	  describes	  unpublished	  data	  that	  I	  have	  generated	  primarily	  on	  my	  own,	  some	  data	  analysis	  was	  completed	  by	  another	  graduate	  student.	  Chapter	  six	  provides	  a	  summary	  of	  the	  data	  and	  insight	  into	  how	  my	  work	  will	  impact	  the	  field	  of	  MMP	  research.	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CHAPTER	  TWO:	  MIXED-­‐SURFACE,	  LIPID-­‐THETHERED	  QUANTUM	  DOTS	  FOR	  
TARGETING	  CELLS	  AND	  TISSUES	  
	  Adapted	  from:	  	  Mixed-­‐surface,	  lipid-­‐tethered	  quantum	  dots	  for	  targeting	  cells	  and	  tissues,	  Colloids	  Surf	  B	  Biointerfaces	  94	  (2012)	  27-­‐35.	  
	  
	  Yanjie	  Zhang,	  Amanda	  Haage,	  Elizabeth	  M.	  Whitley,	  Ian	  C.	  Schneider,	  &	  Aaron	  R.	  Clapp.	  
	  
Abstract	  Quantum	  dots	  (QDs),	  with	  their	  variable	  luminescent	  properties,	  are	  rapidly	  transcending	  traditional	  labeling	  techniques	  in	  biological	  imaging	  and	  hold	  vast	  potential	  for	  biosensing	  applications.	  An	  obstacle	  in	  any	  biosensor	  development	  is	  targeted	  specificity.	  Here	  we	  report	  a	  facile	  procedure	  for	  creating	  QDs	  targeted	  to	  the	  cell	  membrane	  with	  the	  goal	  of	  cell-­‐surface	  protease	  biosensing.	  This	  procedure	  generates	  water-­‐soluble	  QDs	  with	  variable	  coverage	  of	  lipid	  functional	  groups.	  The	  resulting	  hydrophobicity	  is	  quantitatively	  controlled	  by	  the	  molar	  ratio	  of	  lipids	  per	  QD.	  Appropriate	  tuning	  of	  the	  hydrophobicity	  ensures	  solubility	  in	  common	  aqueous	  cell	  culture	  media	  and	  while	  providing	  affinity	  to	  the	  lipid	  bilayer	  of	  cell	  membranes.	  The	  reaction	  and	  exchange	  process	  was	  directly	  evaluated	  by	  measuring	  UV-­‐vis	  absorption	  spectra	  associated	  with	  dithiocarbamate	  formation.	  Cell	  membrane	  binding	  was	  assessed	  using	  flow	  cytometry	  and	  total	  internal	  reflection	  fluorescence	  imaging	  with	  live	  cells,	  and	  tissue	  affinity	  was	  measured	  using	  histochemical	  staining	  and	  fluorescence	  imaging	  of	  frozen	  tissue	  sections.	  Increases	  in	  cell	  and	  tissue	  binding	  were	  found	  to	  be	  regulated	  by	  both	  QD	  hydrophobicity	  and	  surface	  charge,	  underlying	  the	  importance	  of	  QD	  surface	  properties	  in	  the	  optimization	  of	  both	  luminescence	  and	  targeting	  capability.	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Introduction	  For	  over	  a	  decade,	  luminescent	  quantum	  dots	  (QDs)	  have	  held	  potential	  to	  revolutionize	  biological	  imaging	  applications	  including	  biosensing,	  cell	  labeling	  and	  the	  clinical	  practice	  of	  pathology.	  Despite	  many	  reported	  methods	  for	  their	  preparation,	  biocompatible	  QDs	  have	  been	  limited	  in	  these	  applications	  largely	  due	  to	  the	  shortcomings	  of	  surface	  ligands	  that	  confer	  solubility	  in	  water.	  The	  dispersion	  of	  QDs	  in	  water	  can	  be	  driven	  by	  either	  electrostatic	  stabilization	  through	  capping	  exchange	  with	  small	  charged	  ligands[97,98,99,100,101,102]	  or	  steric	  stabilization	  through	  coating	  with	  polymers.[103,104,105,106]	  Small	  ligands	  containing	  mono	  or	  bidentate	  thiol	  species	  have	  been	  used	  extensively	  to	  endow	  QDs	  with	  water-­‐solubility.	  Due	  to	  relatively	  weak	  interactions	  with	  the	  nanocrystal	  surface,	  monothiol	  ligands	  usually	  cannot	  provide	  long-­‐term	  colloidal	  stability.[107]	  Although	  the	  stability	  can	  be	  improved	  by	  using	  dithiol	  molecules,	  the	  loss	  of	  quantum	  yield	  and	  aggregation	  in	  biological	  buffers	  (acidic	  conditions	  and/or	  high	  salt	  concentrations)	  are	  persistent	  concerns.	  Polymer-­‐coated	  QDs	  offer	  exceptional	  stability,	  yet	  their	  bulky	  size[108,109]	  can	  limit	  access	  to	  confined	  cellular	  compartments	  in	  vitro	  or	  exclude	  their	  clearance	  in	  vivo.	  Our	  laboratory	  has	  overcome	  these	  challenges	  by	  developing	  a	  facile,	  reliable	  method	  for	  generating	  soluble,	  small	  diameter,	  highly	  luminescent	  QDs	  using	  dithiocarbamate	  (DTC)	  ligands.[110]	  A	  compelling	  application	  of	  QDs	  is	  their	  use	  as	  biosensors	  for	  observing	  biological	  processes	  such	  as	  enzymatic	  activity.	  This	  creates	  a	  need	  for	  targeting	  QDs	  toward	  particular	  tissues,	  cells,	  or	  subcellular	  structures.	  Membrane-­‐bound	  protease	  activity	  has	  drawn	  increasing	  attention	  due	  to	  its	  implied	  role	  in	  cancer	  invasion	  and	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metastasis.[111,112,113]	  There	  is	  an	  unfulfilled	  niche	  for	  a	  biosensor	  that	  can	  detect	  proteolytic	  activity	  in	  cell	  membranes	  for	  the	  evaluation	  of	  metastatic	  potential	  at	  an	  early	  stage.	  The	  optimal	  protease	  biosensor	  for	  this	  application	  exhibits	  bright	  luminescence	  and	  binds	  the	  plasma	  membrane	  with	  high	  affinity.	  Most	  current	  protease	  biosensors	  employ	  cleavage	  peptides	  which	  link	  quenched	  organic	  dyes[114,115,116]	  or	  variants	  of	  green	  fluorescence	  protein	  (GFP).[117,118,119,120]	  While	  these	  methods	  are	  popular,	  quenched	  organic	  dyes	  usually	  lack	  targeting	  ability,	  and	  both	  organic	  dyes	  and	  GFP-­‐based	  biosensors	  photobleach	  readily	  under	  continuous	  illumination.	  Variants	  of	  GFP	  are	  often	  used	  in	  combination	  to	  detect	  cell	  surface	  protease	  activity	  through	  changes	  in	  Förster	  resonance	  energy	  transfer	  (FRET).	  However,	  this	  requires	  genetic	  expression	  of	  GFP,	  limiting	  prospects	  for	  detection	  in	  vivo	  or	  for	  use	  in	  diagnostic	  samples.	  Consequently,	  QDs	  are	  more	  desirable	  candidates	  for	  biosensing	  applications	  due	  to	  their	  broad	  absorption	  spectra,	  narrow	  and	  size	  tunable	  emission	  spectra,	  and	  superior	  resistance	  to	  chemical/physical	  degradation.	  Most	  QD-­‐based	  biosensors	  have	  used	  antibodies	  to	  target	  specific	  proteins	  of	  interest.[121,122,123,124]	  Although	  the	  specificity	  is	  very	  high,	  the	  large	  size	  (20-­‐50	  nm)	  of	  the	  conjugated	  antibody	  is	  a	  frequent	  concern.[125,126]	  Another	  approach	  is	  to	  attach	  a	  relatively	  small	  lipid	  to	  the	  QD	  directly	  to	  confer	  binding,[127]	  however	  the	  challenge	  is	  to	  retain	  aqueous	  solubility	  of	  the	  modified	  QD.	  Here	  we	  report	  a	  procedure	  for	  generating	  QDs	  which	  have	  affinity	  for	  the	  hydrophobic	  lipid-­‐rich	  cell	  membrane	  while	  retaining	  aqueous	  solubility.	  The	  membrane	  localization	  and	  hydrophilicity	  can	  be	  achieved	  simultaneously	  by	  coating	  QDs	  with	  a	  lipid-­‐like	  molecule,	  hexadecylamine	  (HDA),	  and	  hydrophilic	  ligands	  based	  on	  dithiocarbamate	  (DTC)	  chemistry,	  which	  was	  reported	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previously	  by	  our	  group.[110]	  The	  flexibility	  of	  this	  chemistry	  offers	  a	  large	  pool	  of	  DTC	  precursor	  candidates,	  allowing	  for	  flexible	  tuning	  of	  both	  hydrophobicity	  and	  surface	  charge	  of	  the	  QD.	  In	  this	  study,	  we	  have	  developed	  a	  series	  of	  QDs	  with	  hydrophilic	  ligands	  of	  various	  magnitudes	  of	  negative	  charge	  (lysine-­‐DTC,	  aminopropanediol-­‐DTC,	  and	  cysteine-­‐DTC)	  and	  found	  that	  the	  affinity	  to	  the	  cell	  membrane	  is	  differentially	  affected	  by	  a	  combination	  of	  QD	  hydrophobicity	  and	  charge.	  We	  subsequently	  tested	  the	  membrane	  binding	  affinity	  of	  the	  three	  different	  ligand-­‐conjugated	  QD	  pairs	  using	  flow	  cytometry	  and	  total	  internal	  reflection	  fluorescence	  (TIRF)	  imaging	  on	  live	  cell	  cultures,	  and	  histochemical	  staining	  on	  fresh-­‐frozen	  sections	  of	  liver	  tissue.	  We	  found	  consistent	  binding	  trends	  between	  live	  cells	  and	  frozen	  tissues	  that	  indicated	  that	  surface	  charge	  regulates	  the	  degree	  of	  enhanced	  binding	  conferred	  by	  the	  hydrophobic	  character	  of	  the	  QD.	  We	  intend	  to	  use	  these	  data	  to	  develop	  heuristics	  based	  on	  hydrophobicity	  and	  surface	  charge	  that	  can	  guide	  the	  design	  of	  QD-­‐based	  biosensors	  of	  cell	  surface	  protease	  activity.	  
	  
Materials	  &	  Methods	  
Materials	  Hexadecylamine	  (HDA,	  90%),	  hexamethyldisilathiane	  ((TMS)2S),	  trioctyl	  phosphine	  (TOP,	  90%),	  L-­‐lysine	  (≥98%),	  3-­‐amino-­‐1,2-­‐propanediol	  (97%),	  and	  diethylzinc	  (Zn,	  52.0	  wt%)	  were	  purchased	  from	  Sigma-­‐Aldrich.	  Cadmium	  acetylacetonate	  (Cd(acac)2)	  and	  selenium	  shot	  (Se,	  99.99%)	  were	  from	  Strem	  Chemicals.	  Trioctyl	  phosphine	  oxide	  (TOPO,	  98%)	  and	  n-­‐hexylphosphonic	  acid	  (HPA)	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were	  obtained	  from	  Alfa	  Aesar.	  L-­‐cysteine	  (≥99%)	  was	  purchased	  from	  Acros	  Organics.	  Chloroform	  and	  carbon	  disulfide	  (CS2)	  were	  from	  Fisher	  Scientific.	  Mouse	  Embryonic	  Fibroblasts	  (MEFs)	  were	  obtained	  as	  frozen	  stock	  from	  Rick	  Horwitz	  (UVA).	  Cell	  media	  and	  additives	  including,	  Dulbecco’s	  Modified	  Eagle’s	  Medium	  (DMEM),	  phosphate-­‐buffered	  saline	  (PBS),	  trypsin,	  GlutaMAX,	  penicillin/streptomycin	  and	  fetal	  bovine	  serum	  (FBS)	  as	  well	  as	  fluorescent	  reagents	  such	  as	  Alexa	  Fluor	  488-­‐phalloidin,	  DAPI,	  and	  DiD	  were	  purchased	  from	  Invitrogen.	  Bovine	  serum	  albumin	  (BSA)	  was	  from	  Sigma.	  
CdSe-­‐ZnS	  Quantum	  Dot	  Synthesis	  The	  CdSe-­‐ZnS	  QDs	  used	  in	  this	  work	  were	  synthesized	  using	  the	  method	  published	  previously	  by	  our	  group.[110]	  In	  a	  typical	  procedure,	  a	  flask	  containing	  TOPO,	  TOP,	  and	  HDA	  were	  degased	  under	  vacuum	  for	  three	  hours	  at	  140	  °C	  before	  being	  heated	  to	  340	  °C	  at	  which	  cadmium	  (Cd(acac)2)	  and	  selenium	  precursor	  (1	  M	  TOP:Se)	  were	  rapidly	  injected.	  The	  temperature	  was	  immediately	  lowered	  (<100	  °C)	  once	  the	  desired	  size	  had	  been	  reached.	  After	  annealing	  overnight,	  the	  excess	  selenium/cadmium	  precursor	  was	  removed	  by	  centrifugation,	  and	  the	  CdSe	  cores	  were	  kept	  in	  a	  mixture	  of	  toluene,	  butanol,	  and	  hexane.	  To	  protect	  the	  core	  from	  oxidation	  and	  improve	  quantum	  yield,	  the	  cores	  were	  then	  overcoated	  with	  multiple	  ZnS	  layers	  (3-­‐5).	  During	  the	  shell	  synthesis,	  CdSe	  cores	  were	  added	  into	  the	  degassed	  ligand	  mixture	  (TOPO	  and	  HPA)	  where	  solvent	  was	  removed	  by	  a	  liquid	  nitrogen	  solvent	  trap,	  followed	  by	  the	  slow	  addition	  of	  Zn	  and	  S	  precursors	  via	  a	  programmable	  syringe	  pump	  (0.4	  mL/min).	  The	  synthesized	  CdSe-­‐ZnS	  core-­‐shell	  QDs	  were	  again	  allowed	  to	  anneal	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overnight	  at	  80	  °C	  and	  then	  stored	  in	  a	  mixture	  of	  solvents	  (toluene,	  hexane,	  and	  butanol).	  
Biphasic	  Ligand	  Exchange	  The	  ligands	  used	  in	  this	  study	  were	  lysine	  (Lys),	  aminopropanediol	  (AP),	  and	  cysteine	  (Cys);	  these	  ligands	  attached	  to	  the	  QD	  surface	  via	  the	  DTC	  functional	  group	  through	  biphasic	  ligand	  exchange	  process.	  In	  short,	  equimolar	  amounts	  of	  amine	  precursors	  and	  CS2	  were	  mixed	  with	  ultrapurified	  water	  (Milli-­‐Q	  System,	  Millipore).	  Purified	  CdSe-­‐ZnS	  QDs	  (excess	  hydrophobic	  ligands	  had	  been	  removed),	  dissolved	  in	  chloroform	  were	  then	  added	  to	  the	  solution.	  The	  mixture	  was	  stirred	  vigorously	  for	  24	  hours	  at	  room	  temperature	  or	  until	  all	  hydrophobic	  QDs	  had	  been	  transferred	  to	  upper	  water	  phase.	  Excess	  ligands	  were	  removed	  using	  an	  Amicon	  Ultra-­‐4	  50k	  MWCO	  centrifugal	  filter	  (Millipore)	  and	  followed	  by	  passing	  through	  a	  PD-­‐10	  chromatography	  column	  (GE	  Healthcare).	  Hydrophobic	  HDA	  ligands	  where	  attached	  to	  the	  QD	  surface	  using	  a	  similar	  approach.	  Instead	  of	  forming	  DTC	  in	  water,	  HDA-­‐DTC	  was	  produced	  in	  chloroform	  by	  reacting	  with	  CS2.	  This	  was	  mixed	  with	  water-­‐soluble	  QDs	  and	  stirred	  overnight	  at	  room	  temperature.	  The	  amount	  of	  HDA-­‐DTC	  per	  QD	  was	  varied	  by	  controlling	  the	  concentration	  of	  HDA	  and	  CS2	  in	  the	  organic	  phase.	  
Turbidity,	  Normalized	  Aqueous	  Concentration	  and	  Solubility	  Index	  Turbidity	  index	  (TI),	  normalized	  aqueous	  concentration	  (NAC)	  and	  solubility	  index	  (SI)	  are	  defined	  as	  follows.	  
( ) ( )
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where	  n	  is	  the	  QD:HDA	  ratio	  and	  A660	  is	  the	  absorbance	  at	  660nm.	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Cell	  Culture	  Mouse	  Embryonic	  Fibroblasts	  (MEFs)	  were	  used	  for	  all	  live	  cell	  experiments.	  Cultures	  were	  maintained	  using	  DMEM	  with	  phenol	  red	  +	  10%	  FBS,	  2%	  GlutaMAX,	  and	  1%	  penicillin/streptomycin.	  Cells	  were	  harvested	  using	  trypsin.	  
Flow	  Cytometry	  All	  flow	  cytometry	  experiments	  used	  live	  MEF	  cells	  at	  approximately	  500,000	  cells	  per	  sample.	  QD	  solutions	  at	  1	  μM	  and/or	  DiD	  solutions	  at	  10	  μM	  with	  appropriate	  media	  were	  incubated	  with	  cells	  for	  30	  minutes	  and	  then	  washed	  twice	  with	  appropriate	  media.	  The	  media	  used	  for	  a	  particular	  sample	  was	  determined	  by	  Table	  1:	  	  Lys-­‐,	  Lys-­‐HDA-­‐,	  AP-­‐,	  and	  AP-­‐HDA-­‐QDs	  were	  incubated	  in	  DMEM	  +	  1	  mg/ml	  BSA	  +	  12	  mM	  HEPES	  without	  phenol	  red	  and	  Cys-­‐	  and	  Cys-­‐HDA-­‐QDs	  were	  incubated	  in	  PBS.	  All	  QDs	  used	  in	  each	  experiment	  had	  the	  same	  number	  of	  freeze/thaw	  cycles.	  The	  samples	  were	  stored	  on	  ice	  for	  up	  to	  5	  hours	  after	  washing	  to	  suppress	  endocytosis.	  Flow	  cytometry	  experiments	  were	  conducted	  at	  the	  Iowa	  State	  University	  flow	  cytometry	  facility.	  Mean	  fluorescence	  from	  flow	  cytometry	  was	  background-­‐subtracted	  and	  divided	  by	  the	  background-­‐subtracted	  mean	  fluorescence	  of	  the	  same	  QD	  sample	  measured	  using	  442	  nm	  excitation	  wavelength	  and	  605	  nm	  emission	  wavelength	  in	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solution	  in	  a	  Fluoromax-­‐4	  dual	  monochromator	  spectrofluorometer	  (Horiba	  Jobin-­‐Yvon)	  with	  a	  0.1	  s	  integration	  time.	  
Dynamic	  Light	  Scattering	  Dynamic	  light	  scattering	  was	  performed	  using	  a	  Malvern	  Zetasizer	  Nano-­‐ZS90.	  The	  intensity	  correlation	  curve	  was	  collected	  at	  25	  °C	  at	  a	  scattering	  angle	  of	  90°.	  
TIRF	  Live	  Cell	  Imaging	  All	  live	  cell	  time	  lapse	  imaging	  experiments	  used	  MEF	  cells	  at	  concentrations	  per	  sample	  conducive	  to	  obtaining	  single	  cell	  images,	  approximately	  2	  to	  5	  million	  cells/ml	  in	  a	  35	  mm	  dish.	  Cells	  were	  labeled	  with	  1	  μM	  DiD	  for	  10	  minutes	  in	  DMEM	  with	  phenol	  red	  +	  10%	  FBS,	  2%	  GlutaMAX,	  and	  1%	  penicillin/streptomycin	  and	  then	  suspended	  in	  DMEM	  lacking	  phenol	  red	  +	  10%	  FBS,	  2%	  GlutaMAX,	  and	  1%	  penicillin/streptomycin,	  12	  mM	  HEPES	  containing	  Lys-­‐QDs,	  or	  Lys-­‐HDA-­‐QDs.	  Concentrations	  of	  QDs	  ranged	  from	  100	  nM	  to	  1	  μM.	  Cells	  with	  QDs	  were	  washed	  3×	  at	  low	  speeds	  in	  the	  imaging	  medium	  described	  above	  in	  order	  to	  eliminate	  unbound	  and/or	  aggregated	  QDs.	  Samples	  were	  placed	  in	  chamber	  slides	  with	  coverslips	  coated	  in	  either	  30	  µg/ml	  collagen	  or	  10	  μg/ml	  fibronectin.	  Cells	  were	  then	  imaged	  after	  spreading	  had	  occurred.	  Imaging	  was	  conducted	  on	  a	  Nikon	  TiE	  through-­‐the-­‐objective	  total	  internal	  reflection	  fluorescence	  (TIRF)	  microscope.	  Images	  were	  collected	  through	  ApoTIRF,	  60×,	  1.49	  NA	  Nikon	  objective.	  The	  images	  were	  collected	  on	  an	  Andor	  iXon888	  EMCCD	  at	  a	  frame	  rate	  >	  3Hz.	  Consequently,	  100	  to	  1000	  frames	  and	  time	  intervals	  ranging	  from	  90	  ms	  to	  600	  ms	  were	  taken.	  Correlation	  analysis	  was	  performed	  as	  described	  elsewhere.[128]	  Briefly,	  small	  regions	  were	  selected	  on	  the	  cell	  and	  the	  following	  equation	  was	  used	  to	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calculate	  the	  temporal	  autocorrelation	  function,	  r,	  as	  a	  function	  of	  time	  lag,	  i,	  in	  units	  of	  frames:	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where	  X	  is	  the	  number	  of	  pixels	  in	  a	  region	  of	  interest,	  N	  is	  the	  total	  number	  of	  frames,	  Ij	  is	  the	  image	  gray	  value	  at	  each	  pixel	  in	  the	  region	  of	  interest	  at	  frame	  j,	  and	   jI 	  is	  the	  spatial	  average	  image	  gray	  values	  in	  the	  region	  of	  interest	  at	  frame	  j.	  Three	  sections	  of	  the	  lamellopodia	  of	  each	  cell	  were	  selected	  to	  be	  analyzed	  along	  with	  the	  cell	  body	  and	  a	  cell-­‐free	  area.	  The	  autocorrelation	  function	  was	  normalized	  using	  the	  following	  equation:	  
( ) ( ) ( )1normr i r i r= .	  	   	   	   	   	   	   	   	   (5)	  The	  data	  was	  fitted	  to	  a	  model	  that	  describes	  two	  different	  populations	  diffusing	  at	  different	  rates.	  We	  hypothesize	  that	  these	  populations	  are	  QDs	  diffusing	  on	  the	  surface	  and	  vesicle-­‐containing	  QDs	  diffusing	  in	  the	  cell.	  The	  following	  equation	  was	  used	  for	  this	  two	  population	  diffusion	  model:	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Fits	  were	  performed	  using	  the	  lsqcurvefit	  function	  in	  MATLAB.	  Confidence	  intervals	  for	  parameters	  were	  calculated	  at	  the	  95%	  level	  using	  the	  nlparci	  function.	  
Histology	  Liver	  samples	  were	  collected	  from	  leftover	  hepatic	  tissue	  after	  a	  diagnostic	  post-­‐mortem	  examination	  of	  a	  young	  dog	  that	  died	  after	  acute	  vehicular	  trauma.	  Liver	  samples	  were	  snap-­‐frozen	  in	  Optimal	  Cutting	  Temperature	  (OCT)	  medium	  (Tissue-­‐Tek)	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and	  were	  sectioned	  to	  3	  µm	  and	  mounted	  on	  aminoalkylsilane-­‐coated	  coverslips.	  Samples	  were	  incubated	  for	  30	  minutes	  at	  room	  temperature	  with	  a	  mixture	  of	  individual	  QDs	  species	  at	  0.5	  M,	  4',6-­‐diamidino-­‐2-­‐phenylindole	  (DAPI),	  and	  Alexa	  Fluor	  488-­‐phalloidin	  (Invitrogen).	  	  Samples	  on	  coverslips	  were	  then	  washed	  gently	  three	  times	  with	  DMEM	  for	  Lys-­‐QDs,	  Lys-­‐HDA-­‐QDs,	  AP-­‐QDs	  and	  AP-­‐HDA-­‐QDs	  and	  with	  PBS	  for	  Cys-­‐QDs	  and	  Cys-­‐HDA-­‐QDs,	  mounted	  on	  a	  glass	  slide	  using	  Vectashield	  HardSet	  Mounting	  Medium	  for	  Fluorescence	  (Vector	  Laboratories),	  and	  allowed	  to	  dry.	  Histologic	  examination	  was	  performed	  by	  a	  board-­‐certified	  veterinary	  pathologist	  and	  binding	  of	  QDs	  to	  multiple	  cell	  types	  was	  evaluated	  subjectively	  using	  fluorescence	  microscopy.	  Prior	  to	  use	  in	  this	  work,	  hematoxylin	  and	  eosin-­‐stained,	  frozen	  and	  formalin-­‐fixed,	  paraffin-­‐embedded	  sections	  of	  liver	  tissue	  were	  examined	  with	  light	  microscopy	  to	  determine	  adequacy	  of	  sectioning	  and	  processing	  and	  revealed	  that	  the	  liver	  was	  histologically	  normal.	  For	  image	  analysis,	  histological	  sections	  were	  imaged	  through	  a	  PlanFluor,	  20×,	  0.45	  NA	  Nikon	  objective.	  Histologic	  images	  were	  collected	  on	  a	  Photometrics	  HQ2	  CCD.	  
Computer	  aided	  image	  analysis	  for	  QD-­‐binding	  intensity	  Image	  analysis	  to	  determine	  differential	  binding	  between	  cell	  membrane	  and	  cytoplasm	  was	  performed	  on	  at	  least	  7	  images	  for	  each	  slide	  using	  Adobe	  Photoshop	  CS5.	  Briefly,	  images	  were	  opened	  in	  Photoshop	  and	  an	  area	  of	  interest	  (cell	  border,	  cytoplasm,	  or	  sinusoidal	  background)	  was	  selected	  using	  the	  “magic	  wand”	  tool,	  set	  to	  tolerance	  of	  3.	  The	  area	  was	  expanded	  using	  the	  “similar”	  function,	  and	  the	  mean	  number	  of	  pixels	  at	  each	  intensity	  level	  (corresponding	  to	  the	  mean	  binding	  intensity)	  was	  recorded	  for	  five	  different	  locations	  on	  each	  image.	  	  The	  ratio	  of	  sinusoidal	  cell	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border	  to	  cytoplasmic	  binding	  was	  calculated	  by	  first	  subtracting	  the	  background	  binding	  intensity	  for	  each	  location	  and	  using	  the	  mean	  of	  the	  five	  locations	  to	  represent	  the	  data	  from	  an	  individual	  image.	  	  The	  Mann	  Whitney	  and	  ANOVA	  tests	  with	  p	  =	  0.05	  were	  used	  for	  statistical	  analysis.	  	  
	  Results	  and	  Discussion	  Given	  our	  ability	  to	  fabricate	  small,	  highly	  luminescent	  QDs	  while	  controlling	  surface	  properties,	  we	  sought	  to	  generate	  mixed-­‐surface	  QDs	  having	  hydrophobic	  moieties	  to	  enhance	  cell	  and	  tissue	  binding	  ability	  and	  hydrophilic	  moieties	  to	  enhance	  aqueous	  solubility.	  Optimizing	  these	  properties	  in	  combination	  is	  a	  critical	  step	  towards	  generating	  QDs	  that	  efficiently	  bind	  to	  cells	  and	  tissues.	  To	  measure	  the	  ability	  of	  our	  mixed	  surface	  QDs	  to	  bind	  cells	  and	  tissues,	  we	  first	  evaluated	  the	  stability	  and	  fluorescence	  of	  QDs	  in	  vitro,	  characterized	  the	  cell	  binding	  using	  complementary	  techniques	  of	  flow	  cytometry	  and	  high-­‐resolution	  fluorescence	  microscopy,	  and	  measured	  the	  tissue	  binding	  using	  histologic	  techniques.	  
Fabrication	  and	  Characterization	  of	  Lipid-­‐Modified	  Quantum	  Dots	  As	  described	  previously,	  DTCs	  are	  suitable	  multivalent	  ligands	  for	  attaching	  amino	  acids	  and	  other	  primary	  amine	  containing	  molecules	  to	  CdSe-­‐ZnS	  QDs,	  while	  preserving	  colloidal	  stability	  and	  desirable	  optical	  properties.	  The	  flexibility	  of	  this	  approach	  allows	  for	  tuning	  the	  balance	  of	  hydrophobicity	  and	  hydrophilicity,	  which	  impacts	  the	  affinity	  of	  these	  QDs	  for	  the	  plasma	  membrane	  of	  cells.	  Consequently,	  we	  sought	  to	  modify	  a	  hydrophobic	  molecule	  containing	  a	  primary	  amine	  using	  DTC	  chemistry.	  This	  approach	  was	  used	  in	  combination	  with	  hydrophilic	  ligands	  such	  as	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lysine,	  aminopropanediol,	  and	  cysteine	  to	  provide	  aqueous	  solubility.	  The	  particular	  hydrophilic	  ligands	  were	  selected	  to	  allow	  different	  magnitudes	  of	  negative	  charge.	  These	  included	  lysine	  (Lys),	  aminopropanediol	  (AP),	  and	  cysteine	  (Cys).	  The	  alkyl	  amine	  HDA	  was	  selected	  because	  of	  its	  availability	  as	  a	  stabilizing	  ligand	  in	  the	  QD	  fabrication	  process	  and	  its	  optimal	  chain	  length	  with	  respect	  to	  the	  chain	  length	  of	  plasma	  membrane	  lipids.	  HDA	  readily	  reacts	  with	  CS2	  to	  form	  a	  DTC,	  resulting	  in	  the	  characteristic	  absorbance	  peak	  at	  260	  nm	  and	  300	  nm	  (Figure	  1A).	  This	  molecule	  is	  hereafter	  referred	  to	  as	  HDA-­‐DTC.	  QDs	  capped	  first	  with	  hydrophilic	  molecules	  such	  as	  Lys	  can	  be	  mixed	  with	  an	  organic	  phase	  containing	  HDA-­‐DTC	  at	  different	  ratios	  (Figure	  1B).	  We	  designate	  these	  QDs	  as	  HDA-­‐Lys-­‐QDs.	  The	  addition	  of	  different	  amounts	  of	  HDA-­‐DTC	  molecules	  to	  QDs	  can	  detrimentally	  affect	  the	  final	  QD	  preparation	  in	  two	  ways.	  First,	  if	  the	  number	  of	  HDA-­‐DTC	  per	  QD	  is	  moderately	  high,	  aggregation	  in	  the	  aqueous	  phase	  results	  in	  a	  higher	  background	  absorbance	  at	  high	  wavelengths	  due	  to	  increased	  light	  scattering	  (Figure	  1C).	  This	  was	  quantified	  as	  the	  turbidity	  index.	  Additionally,	  a	  high	  coverage	  of	  HDA-­‐DTC	  on	  QDs	  induces	  insoluble	  aggregates	  in	  the	  aqueous	  phase,	  driving	  particles	  into	  the	  organic	  phase	  during	  the	  biphasic	  reaction	  (Figure	  1B).	  This	  results	  in	  a	  lower	  measured	  absorbance	  in	  the	  aqueous	  phase	  at	  short	  wavelengths	  due	  to	  a	  decreased	  soluble	  concentration.	  This	  was	  quantified	  as	  the	  normalized	  aqueous	  concentration.	  Useful	  QD:HDA-­‐DTC	  ratios	  would	  then	  exhibit	  a	  low	  turbidity	  index	  and	  high	  normalized	  aqueous	  concentration,	  resulting	  in	  a	  high	  solubility	  index.	  Using	  these	  metrics,	  a	  1:10	  ratio	  of	  QD:HDA-­‐DTC	  performed	  better	  than	  ratios	  of	  either	  1:50	  or	  1:100	  (Figure	  1C).	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Given	  that	  Lys-­‐QDs	  accept	  HDA-­‐DTC	  as	  an	  additional	  surface	  ligand,	  but	  increased	  HDA-­‐DTC	  results	  in	  aggregation,	  we	  wanted	  to	  more	  precisely	  examine	  the	  aggregation	  state	  of	  HDA-­‐DTC	  modified	  hydrophilic	  QDs,	  including	  those	  capped	  with	  Lys,	  AP,	  and	  Cys	  (Table	  1).	  We	  used	  both	  dynamic	  light	  scattering	  (DLS)	  and	  epi-­‐fluorescence	  microscopy	  to	  quantify	  the	  size	  distribution	  of	  the	  QDs	  in	  different	  buffers	  that	  are	  relevant	  to	  biological	  studies.	  These	  include	  water,	  a	  balanced	  salt	  solution	  (phosphate	  buffered	  saline,	  PBS),	  and	  a	  cell	  medium	  (Dulbecco’s	  Modified	  Eagle’s	  Medium,	  DMEM),	  some	  of	  which	  included	  protein	  additives	  commonly	  used	  with	  cells:	  bovine	  serum	  albumin	  (BSA)	  and	  fetal	  bovine	  serum	  (FBS).	  Aqueous	  buffers	  affected	  the	  aggregation	  of	  even	  the	  hydrophilic	  QDs	  (Lys-­‐QD,	  AP-­‐QD,	  and	  Cys-­‐QD)	  in	  non-­‐intuitive	  ways.	  For	  instance,	  Cys-­‐QDs	  did	  not	  aggregate	  in	  PBS	  at	  all,	  but	  aggregated	  extensively	  in	  DMEM,	  even	  though	  the	  pH	  and	  ionic	  strengths	  of	  both	  solutions	  are	  approximately	  the	  same	  (Table	  1).	  Additionally,	  protein	  additives	  commonly	  used	  in	  biological	  applications	  prevented	  aggregation	  of	  HDA-­‐DTC	  modified	  QDs,	  however,	  the	  potential	  for	  this	  enhancement	  with	  BSA	  or	  FBS	  depended	  on	  the	  hydrophilic	  ligand.	  Understanding	  aggregation	  of	  these	  different	  species	  of	  QDs	  is	  critical	  and	  was	  used	  to	  design	  experiments	  for	  assessing	  cell	  and	  tissue	  binding.	  
Quantification	  and	  Analysis	  of	  Cell	  Binding	  Ability	  of	  Lipid-­‐Modified	  Quantum	  Dots.	  	  In	  order	  to	  examine	  the	  affinity	  of	  these	  different	  hydrophilic	  ligands,	  with	  and	  without	  HDA-­‐DTC,	  towards	  live	  cells,	  we	  turned	  to	  flow	  cytometry	  studies	  where	  mouse	  fibroblast	  cells	  were	  incubated	  with	  various	  species	  of	  QDs.	  Binding	  of	  both	  HDA-­‐Lys-­‐QDs	  and	  Lys-­‐QDs	  were	  dose	  dependent,	  however	  HDA-­‐Lys-­‐QDs	  were	  more	  sensitive	  to	  the	  dose.	  A	  concentration	  of	  1	  µM	  led	  to	  significant	  cell	  binding	  and	  was	  used	  as	  a	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constant	  QD	  concentration	  for	  other	  flow	  cytometry	  experiments.	  The	  cell	  binding	  behavior	  of	  HDA-­‐Lys-­‐QDs	  largely	  matched	  the	  behavior	  of	  DiD,	  a	  common	  lipophilic	  dye	  used	  to	  stain	  cell	  membranes.	  While	  extinction	  coefficients,	  quantum	  yields,	  and	  excitation/emission	  filter	  characteristics	  were	  different	  between	  the	  HDA-­‐Lys-­‐QDs	  and	  DiD,	  HDA-­‐Lys-­‐QD	  binding	  to	  the	  cell	  membrane	  was	  on	  the	  same	  order	  of	  magnitude	  as	  DiD	  binding	  (Figure	  2A).	  Interestingly,	  this	  dose	  response	  also	  depended	  on	  the	  number	  of	  freeze-­‐thaw	  cycles	  experienced	  by	  the	  QD	  sample	  (supplementary	  Figure	  1).	  Consequently,	  QDs	  having	  the	  same	  number	  of	  freeze-­‐thaw	  cycles	  were	  used	  for	  analysis.	  The	  cell	  binding	  of	  six	  different	  species	  of	  QDs	  (3	  hydrophilic	  ligands	  +/-­‐	  HDA-­‐DTC)	  was	  evaluated	  using	  flow	  cytometry	  where	  the	  enhancement	  due	  to	  the	  addition	  of	  HDA-­‐DTC	  was	  calculated.	  Because	  the	  fluorescence	  of	  the	  different	  species	  of	  QDs	  was	  slightly	  different	  (supplementary	  Figure	  2),	  the	  flow	  cytometry	  fluorescence	  was	  normalized	  to	  the	  fluorescence	  measured	  using	  a	  cuvette	  fluorometer.	  QDs	  bearing	  Cys	  ligands	  bound	  to	  cells	  with	  the	  highest	  affinity	  (~5×	  greater	  than	  the	  other	  QD	  species,	  Figure	  2B),	  however	  this	  binding	  was	  actually	  diminished	  by	  the	  addition	  of	  HDA-­‐DTC	  (Figure	  2C).	  QDs	  bearing	  Cys	  ligands	  contain	  free	  sulfhydryl	  groups	  that	  can	  form	  disulfide	  bonds	  with	  cell	  surface	  proteins	  containing	  exposed	  Cys.	  This	  reaction	  might	  be	  inhibited	  to	  some	  extent	  by	  the	  addition	  of	  lipid	  on	  the	  surface	  of	  the	  QD.	  Both	  Lys	  and	  AP	  showed	  lower	  overall	  binding	  (Figure	  2B),	  but	  statistically	  significant	  enhancement	  of	  cell	  binding	  in	  response	  to	  the	  addition	  of	  the	  HDA-­‐DTC	  (Figure	  2C).	  	  All	  of	  the	  hydrophilic	  ligands	  resulted	  in	  net	  negatively	  charged	  QDs,	  but	  the	  charge	  order	  was	  the	  same	  based	  on	  the	  charge	  of	  the	  hydrophilic	  ligand	  itself.	  Interestingly,	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enhancement	  due	  to	  the	  presence	  of	  HDA-­‐DTC	  was	  linearly	  proportional	  to	  the	  ζ-­‐potential	  (Figure	  2C).	  This	  is	  noteworthy	  and	  indicates	  that	  QD	  surface	  charge	  not	  only	  regulates	  solubility,	  but	  impacts	  binding	  affinity	  as	  well.[129]	  While	  we	  do	  not	  know	  how	  the	  enhancement	  would	  depend	  on	  charge	  for	  QDs	  with	  a	  net	  positive	  charge,	  generating	  QDs	  with	  charges	  near	  zero	  could	  increase	  the	  enhancement	  to	  ~3-­‐fold.	  While	  examining	  cells	  labeled	  with	  both	  DiD	  and	  QDs,	  we	  found	  that	  the	  addition	  of	  a	  10-­‐fold	  higher	  concentration	  of	  lipophilic	  molecule	  like	  DiD	  enhanced	  the	  binding	  of	  both	  HDA-­‐AP-­‐QDs	  and	  HDA-­‐Cys-­‐QDs	  and	  to	  a	  lesser	  extent	  AP-­‐QD	  and	  Cys-­‐QDs	  (Figure	  3).	  However,	  it	  decreased	  the	  binding	  of	  both	  Lys-­‐coated	  QDs.	  This	  suggests	  that	  lipid	  carriers	  might	  provide	  a	  mechanism	  by	  which	  to	  introduce	  these	  mixed	  surface	  QDs,	  however	  the	  nature	  of	  the	  hydrophilic	  ligand	  must	  be	  considered.	  Given	  the	  enhancement	  of	  the	  cell	  binding	  ability	  of	  HDA-­‐Lys-­‐QD	  over	  Lys-­‐QD	  in	  buffers	  without	  lipid	  additives,	  we	  turned	  to	  microscopy	  to	  analyze	  the	  QD	  binding	  to	  and	  movement	  within	  cells.	  Mouse	  fibroblast	  cells	  were	  incubated	  with	  either	  Lys-­‐QDs	  or	  HDA-­‐Lys-­‐QDs,	  washed,	  and	  allowed	  to	  spread	  onto	  fibronectin-­‐coated	  cover	  slips.	  After	  the	  cells	  spread,	  TIRF	  images	  were	  taken	  at	  <	  0.3	  s	  time	  intervals.	  Lys-­‐QD	  treated	  cells	  showed	  very	  few	  mobile	  QDs	  (Figure	  4A	  and	  supplemental	  Video	  1).	  These	  static	  particles	  were	  most	  likely	  QDs	  that	  are	  nonspecifically	  attached	  to	  the	  glass.	  In	  contrast,	  while	  there	  was	  also	  some	  nonspecific	  attachment	  of	  HDA-­‐Lys-­‐QDs	  to	  the	  glass,	  there	  were	  clear	  instances	  of	  mobile	  particles	  on	  the	  ventral	  membrane	  in	  HDA-­‐Lys-­‐QD-­‐treated	  cells	  (Figure	  4A	  and	  supplemental	  Video	  2).	  The	  length	  scale	  of	  motion	  (~0.5	  µm)	  of	  small	  particles	  over	  the	  sampling	  time	  interval	  (~0.6	  s)	  yields	  a	  diffusion	  coefficient	  of	  ~0.4	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µm2/s,	  which	  is	  similar	  in	  magnitude	  to	  membrane-­‐tethered	  protein	  diffusion.	  Both	  Lys-­‐QDs	  and	  HDA-­‐Lys-­‐QDs	  were	  readily	  internalized,	  accumulating	  in	  vesicles	  docked	  at	  the	  ventral	  membrane	  as	  visible	  by	  TIRF.	  Both	  vesicle	  movement,	  a	  long	  timescale	  event,	  and	  individual	  QD	  diffusion,	  a	  short	  timescale	  event,	  impact	  the	  overall	  movement	  of	  punctae	  in	  images.	  This	  movement	  can	  be	  quantified	  by	  calculating	  a	  temporal	  autocorrelation	  value,	  which	  compares	  image	  intensity	  pixel-­‐by-­‐pixel	  over	  different	  time	  lags.	  Slower	  moving	  particles	  result	  in	  temporal	  autocorrelation	  curves	  that	  decrease	  at	  longer	  time	  lags.	  Temporal	  autocorrelation	  functions	  were	  dramatically	  different	  between	  Lys-­‐QDs	  and	  HDA-­‐Lys-­‐QDs	  in	  both	  the	  cell	  body	  and	  periphery	  (Figure	  4B	  and	  C).	  Additionally,	  a	  model	  for	  the	  autocorrelation	  function	  that	  incorporates	  two	  distinct	  timescales	  for	  diffusion	  from	  two	  different	  populations	  of	  vesicles	  (~100	  s)	  and	  single	  QDs	  (~0.1	  s)	  did	  not	  fit	  the	  Lys-­‐QD	  data	  (Figure	  4B).	  Visual	  inspection	  of	  the	  timelapses	  of	  QD	  movement	  and	  examination	  of	  the	  temporal	  autocorrelation	  functions	  leads	  us	  to	  believe	  that	  adding	  HDA-­‐DTC	  to	  QDs	  containing	  hydrophilic	  ligands	  facilitates	  QD	  attachment	  to	  and	  diffusion	  within	  the	  plane	  of	  the	  membrane.	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  Quantum	  Dots	  
	   Given	  that	  HDA-­‐DTC	  enhances	  the	  cell	  binding	  of	  some,	  but	  not	  all,	  hydrophilic	  QDs,	  we	  tested	  if	  similar	  behavior	  would	  be	  observed	  in	  animal	  tissues.	  We	  hypothesized	  that	  HDA-­‐DTC	  would	  enhance	  the	  localization	  of	  QDs	  to	  plasma	  membranes	  and	  to	  lipid-­‐rich	  cytoplasmic	  organelles	  in	  thin	  frozen	  tissue	  sections.	  Consequently,	  we	  prepared	  3	  µm	  thick	  frozen	  tissue	  sections	  from	  canine	  liver,	  incubated	  these	  samples	  with	  QDs,	  Alexa	  Fluor	  488-­‐labeled	  phalloidin,	  and	  DAPI,	  and	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evaluated	  QD	  binding	  quantitatively	  and	  qualitatively.	  Tremendous	  similarity	  existed	  between	  the	  trends	  in	  the	  QD	  affinity	  to	  cells	  and	  tissues	  (compare	  Figure	  2B	  and	  Figure	  5B),	  even	  though	  cell	  binding	  as	  measured	  by	  flow	  cytometry	  did	  not	  show	  the	  same	  level	  of	  statistical	  significance.	  Furthermore,	  some	  species	  of	  QDs	  demonstrated	  enhanced	  binding	  to	  the	  borders	  of	  cells	  in	  the	  hepatic	  parenchyma	  using	  a	  one	  sample	  
t	  test	  (p	  =	  0.05,	  Figure	  5C).	  QDs	  bound	  peripherally	  along	  the	  cytoplasmic	  actin	  network	  near	  basal	  cytoplasmic	  margins	  of	  hepatocytes,	  the	  location	  of	  the	  cell	  membrane	  of	  hepatocytes,	  with	  differences	  in	  cell	  border	  binding	  among	  QD	  constructs.	  Both	  Cys-­‐	  and	  Lys-­‐coated	  QDs	  show	  enhanced	  binding	  when	  HDA-­‐DTC	  is	  added,	  with	  the	  addition	  of	  HDA-­‐DTC	  resulting	  in	  a	  statistically	  significant	  difference	  in	  cell	  border	  binding	  for	  Cys-­‐QDs	  (Figure	  5A	  and	  C).	  On	  the	  other	  hand,	  AP-­‐coated	  QDs	  bound	  cells	  well,	  but	  the	  addition	  of	  HDA-­‐DTC	  reduced	  the	  preferential	  binding	  to	  the	  cell	  border.	  The	  subcellular	  distribution	  of	  QDs	  supports	  the	  hypothesis	  that	  the	  QDs	  with	  various	  ligands	  differentially	  bind	  to	  some	  components	  of	  the	  plasma	  membrane	  and	  cytoplasm.	  Differential	  binding	  was	  not,	  however,	  limited	  to	  the	  plasma	  membrane	  and	  cytoplasm.	  Hepatic	  cords	  are	  composed	  of	  hepatocytes	  arranged	  with	  stringent	  apical-­‐basolateral	  polarization	  that	  reflects	  some	  of	  the	  physiologic	  function	  of	  the	  liver,	  namely	  the	  uptake,	  processing,	  metabolism,	  transport,	  and	  excretion	  of	  many	  metabolic	  and	  toxic	  molecules,	  as	  well	  as	  the	  production	  of	  bile.	  The	  apical	  membrane	  of	  hepatocytes	  lining	  bile	  canaliculi	  is	  a	  site	  of	  intense	  secretory	  transport	  involved	  in	  the	  production	  of	  bile,	  a	  secretion	  of	  hepatocytes	  that	  functions	  to	  some	  extent	  as	  a	  surfactant,	  emulsifying	  lipids	  in	  the	  digestive	  tract.	  None	  of	  the	  QD	  constructs	  co-­‐
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localize	  with	  the	  F-­‐actin-­‐dense	  microvilli	  of	  the	  apical	  hepatic	  membrane	  lining	  bile	  canaliculi	  between	  hepatocytes	  (Figure	  5A).	  We	  theorize	  that	  differences	  in	  QD	  binding	  between	  the	  apical	  and	  basolateral	  membranes	  of	  hepatocytes	  are	  due	  to	  compositional	  differences	  in	  these	  membrane	  domains.	  Additionally,	  all	  species	  of	  QDs	  and	  HDA-­‐QDs	  demonstrated	  multifocal,	  variably	  intense	  perinuclear	  binding	  of	  the	  nuclei	  of	  some	  hepatocytes	  (Figure	  5D).	  We	  theorize	  that	  the	  perinuclear	  capping	  may	  be	  related	  to	  the	  presence	  of	  intracytoplasmic	  membrane-­‐rich	  regions,	  such	  as	  Golgi	  apparatus	  and	  other	  organelles,	  or,	  possibly,	  to	  positively	  charged	  molecules	  attracted	  to	  the	  negative	  charge	  of	  DNA,	  or	  to	  the	  negative	  charge	  of	  DNA	  itself.	  Having	  observed	  this	  spatial	  inhomogeneity	  of	  QD	  binding	  among	  membrane	  components	  with	  different	  functions	  in	  hepatocytes,	  we	  examined	  QD-­‐labeling	  of	  a	  variety	  of	  cell	  types	  forming	  complex	  architectural	  structures	  in	  the	  frozen	  liver	  sections.	  The	  increased	  affinity	  of	  binding	  by	  Cys-­‐QDs	  and	  HDA-­‐Cys-­‐QDs	  as	  compared	  with	  other	  species	  is	  evident,	  including	  HDA-­‐Lys-­‐QD	  as	  shown	  in	  Fig	  6.	  Binding	  of	  QD	  constructs	  to	  the	  epithelial	  cells	  lining	  bile	  ductules	  was	  usually	  limited	  to	  mild,	  granular	  fluorescence	  of	  the	  cytoplasm	  and	  faint	  perinuclear	  (apical)	  binding,	  but	  for	  some	  constructs	  there	  was	  variability	  of	  binding	  to	  epithelia,	  even	  within	  sections	  (Fig	  6).	  Kupffer	  cells	  lining	  hepatic	  sinusoids	  often	  demonstrated	  moderately	  intense	  perinuclear	  binding	  of	  all	  QD	  constructs	  and	  no	  appearance	  of	  differential	  plasma	  membrane	  versus	  cytoplasmic	  binding.	  Small	  numbers	  of	  endothelial	  cells	  have	  mild	  perinuclear	  binding.	  Cellular	  and	  fibrous	  components	  of	  the	  portal	  region	  demonstrated	  faint	  binding	  of	  HDA-­‐Lys-­‐QD	  and	  much	  stronger	  binding	  of	  Cys-­‐QD,	  HDA-­‐Cys-­‐QD	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(Figure	  6).	  The	  endothelial	  lining	  of	  the	  portal	  venules	  bind	  Cys-­‐QD	  and	  HDA-­‐Cys-­‐QDs	  intensely,	  with	  minimal	  binding	  of	  HDA-­‐Lys-­‐QD.	  	  
Conclusion	  This	  work	  demonstrated	  a	  number	  of	  important	  findings	  with	  respect	  to	  the	  generation	  of	  biocompatible	  QDs.	  	  First,	  we	  showed	  that	  surface	  ligands	  on	  QDs	  can	  dramatically	  affect	  solubility	  in	  different	  aqueous	  buffers.	  This	  is	  of	  vital	  importance	  in	  designing	  a	  biosensor	  as	  many	  solvents	  are	  not	  compatible	  with	  cells	  and	  tissues.	  Second,	  the	  charge	  and	  hydrophobicity	  of	  surface	  ligands	  covering	  the	  QD	  can	  tune	  the	  degree	  of	  cell	  and	  tissue	  binding.	  We	  expect	  this	  phenomenon	  to	  regulate	  other	  targeting	  approaches	  using	  either	  hydrophobic	  alpha-­‐helix	  forming	  peptides[130]	  or	  specific	  targeting	  peptides.[131]	  Finally,	  QDs	  lacking	  specific	  targeting	  mechanisms	  such	  as	  antibody-­‐antigen	  or	  ligand-­‐receptor	  interactions	  are	  able	  to	  spatially	  localize	  to	  both	  subcellular	  and	  anatomical	  structures.	  Tuning	  surface	  charge	  and	  hydrophobicity	  is	  expected	  to	  allow	  development	  of	  new	  tools	  for	  histology	  that	  can	  complement	  techniques	  such	  as	  immunohistopathology.	  Consequently,	  designing	  biosensors	  with	  targeting	  characteristics	  does	  not	  solely	  rest	  with	  identifying	  a	  specific	  receptor-­‐ligand	  pair,	  but	  rather	  also	  depends	  strongly	  on	  nonspecific	  interactions	  that	  originate	  from	  the	  nanoparticle	  and,	  importantly,	  that	  can	  be	  controlled	  during	  their	  synthesis.	  Tuning	  these	  nonspecific	  interactions	  between	  QDs	  and	  cells	  to	  optimize	  or	  reduce	  cell	  binding	  might	  hold	  more	  promise	  for	  cell	  targeting	  or	  avoidance	  than	  previously	  thought.	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Figures	  
 
Figure	  1.	  Synthesis	  of	  soluble	  lipid-­‐tethered	  QDs	  using	  partial	  ligand	  exchange	  	  
(A)	  Left:	  CS2	  reacts	  with	  HDA	  at	  the	  primary	  amine	  to	  form	  a	  DTC-­‐containing	  hydrophobic	  molecule.	  Right:	  Absorbance	  spectra	  are	  shown	  for	  products	  and	  reactants.	  (B)	  Images	  show	  the	  two	  phase	  system	  after	  partial	  ligand	  exchange	  with	  HDA-­‐DTC.	  The	  aqueous	  phase	  (red)	  is	  on	  top	  and	  the	  organic	  phase	  (clear	  or	  cloudy)	  is	  on	  bottom.	  Different	  QD:HDA-­‐DTC	  ratios	  are	  shown.	  (C)	  Left:	  Absorbance	  spectra	  of	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HDA-­‐Lys-­‐QDs	  (1:10	  QD:HDA-­‐DTC	  ratio)	  and	  Lys-­‐QDs	  (before	  partial	  exchange	  with	  HDA-­‐DTC).	  Turbidity	  index	  (middle),	  normalized	  QD	  concentration	  (middle),	  and	  solubility	  index	  (turbidity	  index/normalized	  QD	  concentration,	  right)	  was	  calculated	  for	  HDA-­‐Lys-­‐QDs	  in	  aqueous	  solution	  with	  different	  QD:HDA-­‐DTC	  ratios.	  
	  
Figure	  2.	  Lipid-­‐tethered	  QDs	  show	  differential	  cell	  binding	  
	  (A)	  Mean	  background	  subtracted	  fluorescence	  from	  flow	  cytometry	  is	  shown	  as	  a	  function	  of	  fluorescent	  probe	  dose.	  Cells	  were	  incubated	  for	  30	  minutes	  with	  DiD	  (a	  lipid	  dye),	  HDA-­‐Lys-­‐QDs,	  or	  Lys-­‐QDs	  at	  the	  given	  concentrations	  (N	  =	  3).	  (B)Normalized	  fluorescence	  from	  flow	  cytometry	  after	  cells	  were	  incubated	  with	  1	  µM	  QD	  for	  30	  minutes.	  	  Normalized	  fluorescence	  was	  calculated	  as	  the	  mean	  background	  subtracted	  fluorescence	  from	  flow	  cytometry	  is	  divided	  by	  the	  background	  subtracted	  fluorescence	  of	  the	  same	  concentration	  of	  QD	  as	  measured	  by	  a	  cuvette	  fluorometer	  (N	  >	  5).	  (C)Black	  bars:	  The	  fluorescence	  signal	  from	  flow	  cytometry	  of	  the	  HDA-­‐derivative	  divided	  by	  the	  fluorescence	  signal	  from	  QD	  before	  HDA	  exchange	  (N	  >	  5).	  Gray	  dots:	  The	  particle	  charge	  for	  Lys	  (N	  =	  2),	  AP	  (N	  =	  1),	  and	  Cys	  (N	  =	  3).	  All	  error	  bars	  represent	  95%	  confidence	  intervals.	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Figure	  3.	  DiD	  enhances	  the	  cell	  binding	  of	  lipid-­‐tethered	  QDs	  	   	  DiD-­‐mediated	  binding	  enhancement	  was	  measured	  using	  flow	  cytometry.	  Mean	  background	  subtracted	  fluorescence	  of	  cells	  incubated	  with	  1	  µM	  QD	  and	  10	  µM	  DiD	  was	  divided	  by	  the	  mean	  background	  subtracted	  fluorescence	  of	  cells	  incubated	  with	  1	  
µM	  QD	  only.	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Figure	  4.	  Lipid-­‐tethered	  QDs	  show	  differential	  mobility	  in	  the	  cell	  membrane	  
(A)	  Cells	  were	  incubated	  with	  0.3-­‐1	  µM	  Lys-­‐QD	  or	  HDA-­‐Lys-­‐QD	  before	  imaging	  using	  TIRF.	  The	  whole	  cell	  is	  shown	  on	  the	  left	  and	  a	  montage	  of	  images	  take	  600	  ms	  apart	  is	  shown	  to	  the	  right.	  The	  arrow	  marks	  a	  mobile	  QD	  in	  the	  cell	  membrane.	  The	  scale	  bar	  is	  10	  µm.	  (B)	  TICS	  was	  used	  to	  construct	  normalized	  autocorrelation	  as	  a	  function	  of	  time	  lag	  for	  particles	  in	  the	  cell	  body.	  	  Left:	  Average	  normalized	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autocorrelation	  for	  multiple	  cells	  over	  three	  days	  for	  both	  Lys-­‐QDs	  (N	  =	  20)	  and	  HDA-­‐Lys-­‐QDs	  (N	  =	  14)	  is	  shown	  with	  error	  bars	  representing	  95%	  confidence	  intervals.	  Right:	  Model	  of	  2D	  diffusion	  of	  two	  different	  populations	  (red)	  is	  shown	  with	  the	  data	  (black).	  Characteristic	  diffusion	  times	  are	  presented	  to	  the	  right	  with	  95%	  confidence	  intervals	  included	  in	  the	  brackets.	  (C)	  TICS	  was	  used	  to	  construct	  normalized	  autocorrelation	  as	  a	  function	  of	  time	  lag	  for	  particles	  in	  the	  lamellipodia	  of	  cells.	  This	  was	  done	  for	  three	  regions	  in	  a	  cell	  for	  multiple	  cells	  over	  three	  days	  for	  both	  Lys-­‐QDs	  (N	  =	  20)	  and	  HDA-­‐Lys-­‐QDs	  (N	  =	  14).	  Measurements	  and	  diffusion	  times	  were	  presented	  as	  in	  B.	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Figure	  5.	  Lipid-­‐tethered	  QDs	  show	  differential	  binding	  to	  liver	  tissue	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  (A)	  Liver	  tissue	  frozen	  sections	  were	  incubated	  with	  1	  µM	  QD	  and	  phalloidin	  for	  30	  minutes.	  Homogeneous	  fields	  were	  imaged	  using	  low	  magnification	  widefield	  fluorescence	  microscopy.	  HDA-­‐derivatives	  and	  their	  corresponding	  control	  QD	  before	  HDA	  exchange	  were	  scaled	  the	  same.	  Left:	  QD	  signal	  is	  shown.	  Middle:	  Phalloidin	  (F-­‐actin)	  signal	  is	  shown.	  Right:	  Overlay	  of	  QD	  signal	  (green)	  and	  F-­‐actin	  signal	  (red).	  (B)	  Mean	  field	  background	  subtracted	  fluorescence	  was	  quantified	  for	  the	  different	  QDs	  (N	  >	  10	  fields).	  This	  fluorescence	  was	  not	  normalized	  by	  intrinsic	  QD	  fluorescence	  as	  in	  figure	  2.	  (C)	  Cortical	  cell	  membrane	  fluorescence	  divided	  by	  cytosolic	  fluorescence	  was	  quantified	  for	  the	  different	  QDs	  (N	  >	  10).	  (D)	  Cells	  prepared	  as	  in	  A	  Left:	  HDA-­‐Cys-­‐QD	  signal	  is	  shown.	  Middle:	  DAPI	  signal	  is	  shown.	  Right:	  Overlay	  of	  QD	  signal	  (green)	  and	  DAPI	  signal	  (red).	  All	  error	  bars	  represent	  95%	  confidence	  intervals.	  Scale	  bars	  are	  
20 µm.	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Figure	  6.	  QDs	  localize	  to	  distinct	  regions	  in	  liver	  tissue	  
	  Top:	  Liver	  tissue	  section	  stained	  with	  HDA-­‐Lys-­‐QD	  (green),	  phalloidin	  (actin)	  and	  DAPI	  (blue)	  as	  in	  Figure	  5.	  Middle:	  Enlarged	  regions	  showing	  epithelium	  of	  a	  collecting	  bile	  ductule	  (left),	  interstitium	  of	  the	  portal	  region	  (middle)	  and	  a	  small	  bile	  ductule	  (right).	  Bottom:	  Liver	  tissue	  section	  stained	  with	  Cys-­‐QD	  (green,	  left)	  or	  HDA-­‐Cys-­‐QD	  (green,	  right),	  phalloidin	  (actin)	  and	  DAPI	  (blue)	  as	  in	  Figure	  5.
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Tables	  
Table	  1.	  Aggregation	  characteristics	  for	  different	  mixed	  surface	  QDs	  
Dynamic	   light	   scattering	   (DLS)	   and	   epi-­‐fluorescence	  microscopy	   (EFM)	   at	   low	  magnification	   (10×,	   with	   a	   pixel	   size	   of	   645	   nm)	   was	   used	   to	   characterize	   the	  aggregation	  of	  differently	  coated	  QDs	  in	  common	  buffers	  compatible	  with	  cells	  as	  well	  as	   the	   stock	   solvent,	   water.	   Average	   size	   from	   DLS	   is	   reported	   in	   nanometers	   and	  intensity	   standard	   deviation	   fold	   over	   background	   noise	   from	   EFM	   is	   reported	   in	  parentheses	  
[a]	  indicates	   double	  peaks	   in	  the	  particle	  size	  distributions	  based	  on	  number	  n.d.	  indicates	  conditions	  that	  were	  not	  used	  	   	  
	   Lys	   HDA-­‐Lys	   Cys	   HDA-­‐Cys	   AP	   HDA-­‐AP	  H2O	   6.9	   7.6	  (3.9)	   5.6	   7.6	   16	   21	  PBS	   5.1	   24	  (150)	   7.8	   11	   120a	   35	  PBS+FBS	   n.d.	   n.d.	   6.1	   6.4	   n.d.	   n.d.	  PBS+BSA	   n.d.	   n.d.	   10	   15	   n.d.	   n.d.	  DMEM	   6.7	   22	  (65)	   220[a]	  27	   82[a]	   900	  DMEM+FBS	   n.d.	   n.d.	  (3.5)	   n.d.	   n.d.	   n.d.	   n.d.	  DMEM+BSA	   4.0	   3.9	  (4.4)	   44	   54	  a	   15	   23	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Supplementary	  Figures	  	  
	  
Supplementary	  Figure	  1.The	  number	  of	  freeze-­‐thaw	  cycles	  affects	  QD	  binding	  to	  cells	  
	   Cell	   binding	   was	   measured	   with	   flow	   cytometry	   as	   in	   figure	   2	   and	   3.	   The	  background	  subtracted	  mean	  fluorescence	  of	  cells	   treated	  with	  various	  doses	  of	  HDA-­‐Lys-­‐QD	  for	  30	  minutes	  is	  shown	  after	  1-­‐3	  freeze-­‐thaw	  cycles.	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Supplementary	  Figure	  2.	  Ligand	  surface	  affects	  QD	  fluorescence	  
	  Fluorescence	   was	   measured	   using	   a	   cuvette	   fluorometer	   the	   same	   day	   flow	  cytometry	  was	   conducted.	  Mean	  background	   subtracted	   fluorescence	   is	   shown	   for	   all	  six	  ligand	  coats	  (N	  >	  5).	  Error	  bars	  represent	  95%	  confidence	  intervals.	  
Supplementary	  Video	  1.TIRF	  imaging	  of	  Lys-­‐QDs	  on	  cells	  
	  Images	  were	  taken	  every	  600	  ms	  for	  1	  minute.	  The	  frame	  rate	  is	  15	  frames	  per	  second,	  resulting	  in	  9×	  actual	  speed.	  This	  movie	  corresponds	  to	  the	  top	  row	  of	  images	  in	  figure	  4A. 
Supplementary	  Video	  1.	  TIRF	  imaging	  of	  HDA-­‐Lys-­‐QDs	  on	  cells	  
	  	  Images	  were	  taken	  every	  600	  ms	  for	  1	  minute.	  The	  frame	  rate	  is	  15	  frames	  per	  second,	   resulting	   in	   9×	   actual	   speed.	   This	   movie	   corresponds	   to	   the	   bottom	   row	   of	  images	  in	  figure	  4A.  
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  THREE:	  CELLULAR	  CONTRACTILITY	  AND	  EXTRACELLULAR	  MATRIX	  
STIFFNESS	  REGULATE	  MATRIX	  METALLOPROTEINASE	  ACTIVITY	  IN	  PANCREATIC	  
CANCER	  CELLS	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  contractility	  and	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stiffness	  regulate	  matrix	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  cells,	  FASEB	  J	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Abstract	  	   The	  pathogenesis	  of	  cancer	  is	  often	  driven	  by	  local	  invasion	  and	  metastasis.	  Recently,	  mechanical	  properties	  of	  the	  tumor	  microenvironment	  have	  been	  identified	  as	  potent	  regulators	  of	  invasion	  and	  metastasis,	  while	  matrix	  metalloproteinases	  (MMPs)	  are	  classically	  known	  as	  significant	  enhancers	  of	  cancer	  cell	  migration	  and	  invasion.	  Here	  we	  have	  been	  able	  to	  sensitively	  measure	  MMP	  activity	  changes	  in	  response	  to	  specific	  extracellular	  matrix	  (ECM)	  environments	  and	  cell	  contractility	  states.	  A	  pancreatic	  cancer	  cell	  line,	  Panc-­‐1	  cells,	  up-­‐regulate	  MMP	  activities	  between	  3-­‐	  and	  10-­‐	  fold	  with	  increased	  cell	  contractility.	  Conversely,	  they	  down-­‐regulate	  MMP	  activities	  when	  contractility	  is	  blocked	  to	  levels	  seen	  with	  pan-­‐MMP	  activity	  inhibitors.	  Similar,	  albeit	  attenuated	  responses	  are	  seen	  in	  other	  pancreatic	  cancer	  cell	  lines:	  BxPC-­‐3	  and	  AsPC-­‐1	  cells.	  In	  addition,	  MMP	  activity	  was	  modulated	  by	  substrate	  stiffness,	  collagen	  gel	  concentration	  and	  the	  degree	  of	  collagen	  crosslinking,	  when	  cells	  were	  plated	  on	  collagen	  gels	  ranging	  from	  0.5-­‐5	  mg/ml	  that	  span	  the	  physiological	  range	  of	  substrate	  stiffness	  (50-­‐2000	  Pa).	  Panc-­‐1	  cells	  showed	  enhanced	  MMP	  activity	  on	  stiffer	  substrates,	  whereas	  BxPC-­‐3	  and	  AsPC-­‐1	  cells	  showed	  diminished	  MMP	  activity.	  In	  addition,	  eliminating	  heparan	  sulfate	  proteoglycans	  using	  heparinase	  completely	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abrogated	  the	  mechanical	  induction	  of	  MMP	  activity.	  These	  results	  demonstrate	  the	  first	  functional	  link	  between	  MMP	  activity,	  contractility	  and	  ECM	  stiffness	  and	  provide	  an	  explanation	  as	  to	  why	  stiffer	  environments	  result	  in	  enhanced	  cell	  migration	  and	  invasion.	  	  	  
Introduction	  Pancreatic	  cancer	  is	  one	  the	  deadliest	  subtypes	  of	  cancer,	  with	  5	  year	  survival	  rates	  less	  than	  5	  %	  [132,133].	  The	  poor	  prognosis	  results	  from	  the	  combination	  of	  few	  early	  symptoms	  and	  aggressive	  early	  spreading	  of	  cancer	  cells	  to	  distant	  sites,	  a	  process	  called	  metastasis	  [132,134].	  Metastasis	  relies	  on	  multiple	  cellular	  mechanisms	  such	  as	  directed	  cell	  migration	  and	  extracellular	  matrix	  (ECM)	  remodeling	  [5].	  	  Remodeling	  of	  the	  tissue	  microenvironment	  surrounding	  the	  primary	  tumor	  includes	  secretion	  of	  ECM	  and	  force-­‐mediated	  rearrangement	  of	  the	  ECM	  structure,	  however	  much	  attention	  has	  been	  given	  to	  degradation	  of	  the	  ECM	  through	  the	  secretion	  of	  proteinases.	  Matrix	  metalloproteinases	  (MMPs)	  are	  the	  primary	  enzymes	  responsible	  for	  ECM	  remodeling	  and	  have	  long	  been	  associated	  with	  cancer	  cell	  migration	  and	  metastasis	  [26].	  MMPs	  are	  a	  family	  of	  25	  zinc-­‐dependent	  proteinases	  that	  have	  wide	  substrate	  specificities	  for	  a	  variety	  of	  ECM	  proteins.	  The	  family	  is	  split	  into	  two	  major	  groups,	  soluble	  MMPs	  that	  are	  secreted	  from	  cells	  into	  the	  extracellular	  space	  and	  membrane-­‐associated	  MMPs	  that	  are	  often	  tethered	  to	  the	  cell’s	  plasma	  membrane	  through	  a	  transmembrane	  domain	  [13,26].	  Some	  secreted	  MMPs	  can	  also	  localize	  to	  the	  plasma	  membrane	  through	  their	  interaction	  with	  cell	  surface	  proteins	  [135,136].	  The	  precise	  regulation	  of	  each	  MMP	  family	  member	  remains	  vague,	  but	  it	  has	  been	  shown	  that	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MMPs	  perform	  specific	  roles	  in	  the	  cancer	  microenvironment	  [26,137].	  Increased	  MMP	  expression	  has	  been	  demonstrated	  in	  a	  variety	  of	  cancers	  and	  often	  increased	  MMP	  expression	  results	  in	  increased	  metastatic	  potential	  [138,139,140,141].	  However,	  cues	  in	  the	  tumor	  microenvironment	  can	  lead	  to	  an	  upregulation	  of	  MMP	  activity	  separate	  from	  MMP	  expression	  through	  enhanced	  secretion	  or	  post-­‐translational	  modification	  [142,143].	  This	  has	  led	  many	  researchers	  to	  investigate	  these	  stimulatory	  cues	  as	  upstream	  drivers	  of	  MMP	  activity	  and	  tumor	  invasion.	  Recently,	  mechanical	  properties	  of	  the	  tumor	  microenvironment	  have	  gained	  much	  attention	  as	  potent	  drivers	  of	  invasion	  [49,144,145,146,147,148].	  Primary	  tumor	  tissue	  is	  often	  stiffer	  than	  normal	  tissue	  [44,49].	  This	  increase	  in	  stiffness	  is	  the	  result	  of	  cellular	  contractility	  coupled	  with	  increased	  ECM	  crosslinking	  [49,146,148].	  Stiff	  ECM	  matrices	  often	  have	  smaller	  pores,	  but	  crosslinking	  itself	  does	  not	  affect	  pore	  size	  [147].	  Cells	  can	  conceivably	  remodel	  the	  matrix	  and	  expand	  pores	  by	  exerting	  traction	  force	  using	  intracellular	  contractility	  that	  is	  generated	  through	  myosin	  II	  activity,	  a	  mode	  of	  migration	  referred	  to	  as	  amoeboid	  [149,150,151].	  Indeed,	  increased	  traction	  force,	  has	  been	  shown	  to	  increase	  metastatic	  potential	  [48,151,152]	  .	  However,	  if	  the	  ECM	  network	  is	  stably	  crosslinked,	  MMP	  activity	  is	  required	  for	  cells	  to	  squeeze	  through	  pores	  [153,154],	  a	  mode	  of	  migration	  referred	  to	  as	  mesechymal.	  Consequently,	  the	  cell	  must	  sense	  chemical	  crosslinks	  in	  the	  ECM	  and	  tune	  its	  MMP	  activity	  appropriately.	  One	  interesting	  hypothesis	  posits	  that	  the	  cell	  tunes	  MMP	  activity	  through	  sensing	  the	  mechanical	  properties	  of	  the	  ECM.	  Mechanical	  properties	  of	  the	  ECM	  are	  sensed	  through	  ECM	  receptors	  called	  integrins	  [46,155].	  Integrins	  link	  the	  ECM	  with	  the	  actin	  cytoskeleton	  and	  actomyosin	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contractility	  within	  the	  cell.	  In	  addition	  to	  integrins,	  heparan	  sulfate	  proteoglycans	  (HSPG)	  like	  syndecans	  are	  important	  too	  [156].	  	  Syndecans	  contain	  heparan	  sulfate	  groups	  on	  the	  outside	  of	  the	  cell	  that	  have	  been	  shown	  to	  be	  required	  for	  mechanotransduction	  in	  several	  cell	  types	  [157,158].	  In	  addition,	  heparan	  sulfate	  groups	  are	  known	  to	  be	  necessary	  in	  order	  to	  activate	  contractility	  regulators,	  such	  as	  Rho	  GTPases	  [159,160].	  On	  rigid	  substrates,	  Rho	  GTPases	  increase	  contractility	  by	  activating	  Rho-­‐kinase,	  which	  in	  turn	  increases	  myosin	  II	  phosphorylation	  through	  a	  variety	  of	  mechanisms.	  Importantly,	  Rho	  and	  ROCK	  overexpression	  has	  been	  linked	  to	  malignant	  transformation	  of	  cancer	  cells,	  implicating	  a	  role	  for	  cellular	  contractility	  in	  response	  to	  ECM	  mechanics	  in	  metastasis	  [161].	  At	  first	  glance,	  enhanced	  contractility	  and	  force	  transmission	  by	  the	  cell	  might	  simply	  allow	  the	  cell	  to	  better	  rearrange	  the	  ECM,	  but	  perhaps	  there	  is	  an	  additional	  role	  in	  ECM	  degradation.	  	  Indeed,	  changes	  in	  MMP	  expression	  occur	  in	  response	  to	  changes	  in	  contractility	  [65,162,163,164,165,166,167],	  but	  expression	  changes	  do	  not	  always	  indicate	  changes	  in	  MMP	  activity	  [78].	  In	  addition,	  mechanical	  force,	  like	  that	  induced	  by	  cellular	  contractility,	  can	  act	  to	  alter	  the	  MMP	  cleavage	  rate	  of	  collagen	  due	  to	  a	  presumed	  change	  in	  conformation	  of	  the	  collagen	  substrate	  [168,169].	  However,	  to	  date	  there	  is	  little	  information	  on	  whether	  intrinsic	  changes	  in	  MMP	  activity	  separate	  from	  substrate	  conformational	  changes	  are	  regulated	  by	  the	  cell’s	  ability	  to	  transmit	  force.	  	  This	  ability	  to	  transmit	  force	  is	  driven	  by	  cellular	  contractility,	  the	  mechanical	  properties	  of	  the	  ECM	  and	  the	  cell	  adhesion	  to	  the	  ECM	  through	  receptors.	  	  Here	  we	  demonstrate	  for	  the	  first	  time	  evidence	  that	  links	  cellular	  contractility,	  ECM	  mechanical	  properties	  and	  adhesion	  to	  MMP	  activity.	  We	  investigated	  secreted	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MMP	  (S-­‐MMP)	  and	  membrane-­‐tethered	  MMP	  (MT-­‐MMP)	  activities	  in	  normal	  epithelial,	  breast	  cancer	  and	  pancreatic	  cancer	  cell	  lines	  under	  a	  variety	  of	  conditions	  using	  self-­‐quenched	  cleavage	  peptides.	  In	  this	  article	  we	  show	  that	  in	  Panc-­‐1	  cells,	  increasing	  cellular	  contractility	  upregulates	  MMP	  activity.	  Conversely,	  decreasing	  cellular	  contractility	  downregulates	  MMP	  activity	  and	  to	  similar	  extents	  as	  the	  proteinase	  inhibitor,	  marimastat.	  Similar,	  but	  attenuated	  responses	  are	  seen	  in	  BxPC-­‐3,	  AsPC-­‐1	  and	  MDA-­‐MB-­‐231	  cells.	  However,	  in	  Panc-­‐1	  cells	  this	  regulation	  of	  MMP	  activity	  depends	  on	  the	  stiffness	  of	  the	  substrate.	  MMP	  activity	  on	  stiff	  substrates	  cannot	  increase	  after	  treatment	  with	  a	  contractility	  enhancer.	  In	  addition,	  MMP	  activity	  on	  soft	  substrates	  cannot	  be	  decreased	  by	  treatment	  with	  contractility	  inhibitors.	  Stiffening	  the	  ECM,	  by	  increasing	  the	  ECM	  concentration	  or	  crosslinking	  density	  using	  transglutaminase,	  increases	  MMP	  activity	  in	  Panc-­‐1	  cells,	  but	  BxPC-­‐3	  and	  AsPC-­‐1	  cells	  show	  an	  opposite	  behavior.	  Finally,	  mechanically	  stimulated	  MMP	  activity	  requires	  heparan	  sulfate	  groups,	  suggesting	  a	  role	  for	  heparan	  sulfate	  proteoglycans	  such	  as	  syndecans	  in	  sensing	  mechanics	  and	  tuning	  MMP	  activity.	  	  
Materials	  &	  Methods	  
Cell	  Culture	  Human	  pancreatic	  cancer	  (Panc-­‐1,	  BxPC-­‐3,	  and	  AsPC-­‐1,	  ATCC,	  Manassas,	  VA,	  USA),	  human	  keratinocyte	  (HaCat),	  and	  human	  breast	  cancer	  (MDA-­‐MB-­‐231,	  ATCC,	  Manassas,	  VA,	  USA)	  cells	  were	  used	  for	  all	  experiments	  as	  indicated.	  Panc-­‐1,	  HaCat	  and	  MDA-­‐MB-­‐231	  cultures	  were	  maintained	  using	  DMEM	  with	  phenol	  red	  +	  10%	  FBS,	  2%	  GlutaMAX,	  and	  1%	  penicillin/streptomycin.	  BxPC-­‐1	  and	  AsPC-­‐1	  cultures	  were	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maintained	  using	  RPMI	  with	  phenol	  red	  +	  10%	  FBS	  and	  1%	  penicillin/streptomycin.	  All	  cells	  were	  harvested	  using	  trypsin	  (Life	  Technologies,	  Grand	  Island,	  NY,	  USA).	  
Absorbed	  &	  Gelled	  Collagen	  	  Absorbed	  coatings	  of	  0.1	  mg/ml	  rat-­‐tail	  collagen	  type	  I	  (Life	  Technologies,	  Grand	  Island,	  NY,	  USA)	  diluted	  in	  0.5	  M	  acetic	  acid	  were	  used.	  The	  96-­‐well	  high-­‐binding	  plate	  (not	  tissue	  culture	  treated)	  was	  incubated	  in	  the	  dark	  at	  37	  °C	  for	  90	  minutes.	  Each	  well	  was	  washed	  twice	  with	  phosphate-­‐buffered	  saline	  (PBS)	  lacking	  Ca2+	  and	  Mg2+	  (Sigma	  Aldrich,	  St.	  Louis,	  MO,	  USA)	  before	  plating	  cells.	  Gels	  were	  formed	  by	  adding	  specific	  concentrations	  of	  non-­‐pepsin	  treated	  rat-­‐tail	  collagen	  type	  I	  (BD	  Biosciences,	  San	  Jose,	  CA,	  USA)	  to	  phenol	  red	  free	  DMEM	  or	  RPMI	  supplemented	  with	  2%	  GlutaMAX,	  1%	  penicillin/streptomycin	  and	  12	  mM	  HEPES	  (Life	  Technologies,	  Grand	  Island,	  NY,	  USA).	  Guinea	  pig	  transglutaminase	  (2	  U/mg	  (U	  =	  1	  mmole/min),	  Sigma	  Aldrich,	  St.	  Louis,	  MO,	  USA)	  was	  aliquoted,	  lyophilized	  and	  dissolved	  in	  phenol	  red	  free	  DMEM	  +	  2%	  GlutaMAX,	  1%	  penicillin/streptomycin	  and	  12	  mM	  HEPES	  and	  added	  to	  the	  gel	  solution	  at	  50	  µg/ml.	  100	  µl	  of	  neutralized	  collagen	  solution	  was	  added	  per	  well	  and	  incubated	  for	  5	  hours	  at	  37	  °C.	  Cells	  were	  then	  plated	  on	  top	  of	  gels.	  For	  glutaraldehyde	  crosslinked	  gels,	  0.05%	  glutaraldehyde	  was	  added	  on	  top	  of	  gels	  after	  a	  5	  hour	  incubation.	  Glutaraldehyde	  was	  diluted	  in	  either	  PBS	  or	  PBS	  +	  100	  mM	  glycine	  (inactive	  control).	  Gels	  were	  washed	  extensively	  in	  both	  PBS	  and	  PBS	  +	  100	  mM	  glycine	  before	  seeding	  cells	  on	  top	  of	  the	  gels.	  
Drug	  Treatments	  Y-­‐27632	  (Calibiochem,	  Billerica,	  MA,	  USA),	  blebbistatin	  (Calibiochem,	  Billerica,	  MA,	  USA),	  marimastat	  (R	  &	  D	  Systems,	  Minneapolis,	  MN,	  USA),	  ML-­‐7	  (Sigma	  Aldrich,	  St.	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Louis,	  MO,	  USA)	  and	  calyculin	  A	  (Santa	  Cruz	  Biotechnology,	  Dallas,	  TX,	  USA)	  were	  all	  received	  as	  lyophilized	  powder.	  Each	  drug	  was	  dissolved	  in	  DMSO	  at	  the	  following	  stock	  concentrations:	  10	  mM,	  3	  mM,	  2	  mM,	  11	  mM	  and	  100	  µM.	  Each	  drug	  was	  further	  diluted	  in	  media	  containing	  cells	  (phenol	  red	  free	  DMEM	  supplemented	  with	  2%	  GlutaMAX,	  1%	  penicillin/streptomycin	  and	  12	  mM	  HEPES)	  at	  the	  following	  working	  concentrations:	  10	  µM,	  10	  µM,	  10	  µM,	  75	  µM	  and	  1	  µM.	  Heparinase	  III	  (294	  U/mg	  (U	  =	  1	  mmole/hr),	  Sigma	  Aldrich,	  St.	  Louis,	  MO,	  USA)	  was	  dissolved	  in	  buffer	  (20	  mM	  Tris,	  0.1	  mg/ml	  BSA,	  4	  mM	  CaCl2	  in	  PBS)	  at	  0.011	  mg/mL.	  It	  was	  then	  aliquoted	  and	  lyophilized.	  	  HEP	  III	  was	  aliquoted,	  lyophilized	  and	  reconstituted	  for	  experiments	  in	  media	  containing	  cells	  (phenol	  red	  free	  DMEM	  supplemented	  with	  2%	  GlutaMAX,	  1%	  penicillin/streptomycin,	  and	  12	  mM	  HEPES)	  at	  a	  final	  concentration	  of	  2.9	  µg/ml.	  
MMP	  Activity	  Assays	  Cells	  were	  harvested	  with	  trypsin	  and	  then	  counted	  on	  a	  hemocytometer.	  Low	  density	  experiments	  for	  membrane-­‐tethered	  MMP	  (MT-­‐MMP)	  activity	  assays	  were	  all	  carried	  out	  at	  approximately	  25,000	  cells/well	  and	  high	  density	  experiments	  for	  secreted	  MMP	  (S-­‐MMP)	  activity	  assays	  ranged	  between	  100,000	  and	  200,000	  cells/well.	  These	  cell	  densities	  resulted	  in	  confluences	  of	  25%	  and	  100%	  respectively.	  Cells	  were	  suspended	  in	  serum-­‐free	  media	  with	  or	  without	  drug	  treatments	  for	  1	  hour,	  after	  which	  100	  µL	  (on	  adsorbed	  collagen	  substrates)	  or	  50	  µL	  (on	  collagen	  gel	  substrates)	  were	  transferred	  to	  a	  high-­‐binding	  (not	  tissue	  culture	  treated)	  96-­‐well	  dish	  and	  kept	  in	  serum	  free	  media	  with	  or	  without	  drug	  treatment	  throughout	  the	  experiments.	  10µM	  of	  S-­‐MMP	  (Mca-­‐PLGL-­‐Dpa-­‐AR-­‐NH2,	  R	  &	  D	  Systems,	  Minneapolis,	  MN,	  USA,	  ES001)	  or	  MT-­‐MMP	  (Mca-­‐PLA-­‐C(OMeBz)-­‐WAR(Dpa)-­‐NH2,	  Calbiochem,	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Billerica,	  MA,	  USA,	  444528)	  quenched	  fluorescent	  cleavage	  peptide	  was	  added	  immediately	  following	  plating	  (spreading)	  or	  three	  hours	  after	  plating	  (spread)	  [81,82].	  The	  fluorescence	  of	  these	  peptides	  is	  normally	  low	  due	  to	  quenching	  caused	  by	  close	  proximity	  of	  the	  fluorphores.	  Upon	  cleavage	  this	  quenching	  is	  released	  and	  the	  fluorescence	  dramatically	  increases.	  MMP	  activity	  during	  spreading	  was	  measured	  during	  the	  first	  hour	  after	  plating	  and	  MMP	  activity	  after	  cells	  have	  spread	  were	  measured	  between	  the	  third	  and	  fourth	  hour	  after	  plating.	  	  Fluorescence	  of	  the	  sample	  and	  background	  was	  excited	  at	  320	  nm	  and	  collected	  at	  405	  nm	  every	  40	  seconds	  using	  a	  BioTech	  SynergyMx	  micro	  plate-­‐reader	  (Fig.	  S1).	  Background	  fluorescence	  was	  measured	  on	  multiple	  days	  in	  wells	  consisting	  of	  all	  components	  less	  cells.	  Background	  fluorescence	  values	  were	  averaged	  at	  each	  time	  point	  under	  each	  ECM	  condition.	  The	  average	  background	  fluorescence	  was	  then	  subtracted	  from	  each	  sample	  fluorescence.	  This	  created	  a	  cleavage	  peptide	  background-­‐subtracted	  fluorescence	  signal.	  The	  slope	  of	  the	  background-­‐subtracted	  fluorescence	  over	  the	  first	  hour	  (spreading)	  or	  between	  three	  and	  four	  hours	  (spread)	  was	  used	  as	  a	  measure	  of	  MMP	  enzymatic	  activity	  and	  was	  divided	  by	  the	  cell	  number	  to	  generate	  an	  MMP	  activity	  per	  cell.	  Fixed	  Spreading	  Assays	  	   Panc-­‐1	  and	  HaCat	  cells	  were	  plated	  at	  100	  µl	  per	  well	  with	  25,000	  cells/well	  on	  absorbed	  collagen	  coatings	  of	  0.1	  mg/ml.	  Cell	  were	  incubated	  in	  the	  high-­‐binding	  (not	  tissue	  culture	  treated)	  plate	  at	  37	  ºC	  for	  30	  or	  180	  minutes.	  At	  these	  time	  points	  cells	  were	  washed	  once	  with	  PBS	  and	  then	  incubated	  for	  30	  minutes	  at	  37	  ºC	  with	  4%	  paraformaldehyde.	  After	  incubation	  cells	  were	  washed	  twice	  with	  phosphate	  buffered	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saline.	  Fixed	  cells	  were	  then	  stained	  with	  FITC-­‐phallodin	  (Sigma	  Aldrich,	  St.	  Louis,	  MO,	  USA).	  Before	  staining	  cells	  were	  incubated	  for	  30	  minutes	  with	  PBS	  +	  1%	  BSA.	  Cells	  were	  then	  incubated	  with	  5µg/ml	  FITC-­‐phallodin	  for	  30	  minutes	  at	  room	  temperature.	  After	  staining	  cells	  were	  washed	  twice	  with	  PBS	  and	  imaged.	  	  In	  Vitro	  Proteinase	  Assays	  	   1.3	  µM	  recombinant	  human	  MT1-­‐MMP	  (R	  &	  D	  systems,	  Minneapolis,	  MN,	  USA)	  was	  activated	  by	  0.013	  µM	  recominbinant	  human	  Furin	  (R	  &	  D	  systems,	  Minneapolis,	  MN,	  USA)	  for	  90	  minutes	  at	  37°C.	  10	  nM	  of	  the	  activated	  MT1-­‐MMP	  was	  then	  added	  to	  10	  µM	  S-­‐MMP	  (R	  &	  D	  Systems,	  Minneapolis,	  MN,	  USA,	  ES001)	  or	  MT-­‐MMP	  (Calbiochem,	  Billerica,	  MA,	  USA,	  444528)	  quenched	  fluorescent	  cleavage	  peptide	  in	  300	  µl	  total	  assay	  buffer	  with	  or	  without	  drug	  inhibitors,	  blebbistatin	  at	  10µM	  (Calibiochem,	  Billerica,	  MA,	  USA,),	  marimastat	  at	  10µM	  (R	  &	  D	  Systems,	  Minneapolis,	  MN,	  USA)	  or	  calyculin	  A	  at	  1µM	  (Santa	  Cruz	  Biotechnology,	  Dallas,	  TX,	  USA).	  Fluorescence	  of	  the	  sample	  and	  background	  was	  excited	  at	  320	  nm	  and	  collected	  at	  405	  nm	  every	  40	  seconds	  using	  a	  BioTech	  SynergyMx	  micro	  plate-­‐reader.	  The	  background,	  without	  MT1-­‐MMP,	  was	  then	  subtracted	  from	  the	  sample	  at	  each	  read.	  The	  slope	  was	  then	  calculated	  from	  the	  first	  hour	  of	  fluorescent	  output.	  	  
Results	  
Matrix	  metalloproteinase	  (MMP)	  activity	  in	  pancreatic	  cancer	  cells	  is	  an	  increasing,	  but	  
saturating	  function	  of	  contractile	  state.	  
	   While	  there	  is	  some	  indication	  that	  altering	  contractility	  can	  change	  the	  expression	  and/or	  secretion	  of	  MMPs	  [65,162,163,164,165,166,167]	  and	  that	  tension	  can	  lead	  to	  either	  enhanced	  or	  diminished	  collagen	  degradation	  [168,169],	  we	  were	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interested	  in	  examining	  whether	  the	  contractile	  state	  of	  the	  cell	  regulates	  MMP	  activity	  in	  intact	  live	  cells.	  Two	  commercially	  available	  self-­‐quenched	  MMP	  peptide	  substrates	  were	  used	  to	  measure	  either	  secreted	  MMP	  activity	  (S-­‐MMP)	  or	  membrane	  tethered	  MMP	  activity	  (MT-­‐MMP).	  Before	  cleavage	  these	  self-­‐quenched	  peptides	  exhibit	  a	  low	  fluorescence	  which	  increases	  upon	  cleavage	  (Fig.	  S1).	  Panc-­‐1	  cells	  were	  plated	  on	  collagen	  for	  one	  hour.	  Media	  and	  cells	  were	  separated	  and	  MMP	  activity	  was	  measured	  using	  each	  of	  the	  two	  quenched	  cleavage	  peptides.	  S-­‐MMP	  activity	  in	  the	  media	  was	  ~6-­‐fold	  higher	  than	  that	  in	  the	  cells.	  Conversely,	  MT-­‐MMP	  activity	  in	  the	  cells	  was	  ~6-­‐fold	  higher	  than	  in	  the	  media,	  demonstrating	  an	  ability	  to	  measure	  either	  secreted	  or	  membrane	  tethered	  MMP	  activity	  (Fig	  1).	  These	  levels	  are	  statistically	  significant	  because	  the	  error	  bars	  do	  not	  overlap.	  Throughout	  the	  entire	  article	  error	  bars	  represent	  95%	  confidence	  intervals.	  Consequently,	  non-­‐overlapping	  error	  bars	  represent	  statistically	  significance	  to	  95%.	  In	  order	  to	  optimize	  the	  MMP	  activity	  response,	  cells	  were	  plated	  at	  both	  high	  and	  low	  cell	  densities	  and	  both	  S-­‐MMP	  and	  MT-­‐MMP	  activity	  was	  measured.	  S-­‐MMP	  activity	  on	  a	  per	  cell	  basis	  was	  higher	  when	  cells	  were	  densely	  plated	  as	  compared	  to	  sparsely	  plated	  (Fig.	  S2).	  Conversely,	  MT-­‐MMP	  activity	  on	  a	  per	  cell	  basis	  was	  lower	  when	  cells	  were	  densely	  plated	  as	  compared	  to	  sparsely	  plated	  (Fig.	  S2).	  Therefore,	  we	  measured	  S-­‐MMP	  and	  MT-­‐MMP	  activity	  at	  high	  and	  low	  cell	  densities,	  respectively,	  for	  the	  remainder	  of	  the	  experiments.	  S-­‐MMP	  and	  MT-­‐MMP	  activity	  was	  also	  investigated	  at	  two	  time	  points,	  during	  the	  first	  hour	  after	  plating,	  and	  during	  the	  third	  hour	  after	  plating.	  Cells	  were	  plated	  on	  adsorbed	  collagen	  and	  then	  thoroughly	  rinsed	  to	  dislodge	  any	  non-­‐attached	  cells	  at	  one	  and	  three	  hours.	  After	  rinsing,	  cells	  were	  fixed	  and	  stained	  for	  F-­‐actin.	  Fewer	  cells	  were	  attached	  at	  one	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hour,	  and	  the	  cells	  that	  were	  attached	  were	  much	  less	  spread	  for	  both	  Panc-­‐1	  and	  a	  non-­‐tumorigenic	  epithelial	  line	  (HaCat)	  (Fig.	  2A).	  Consequently,	  the	  one	  hour	  time	  point	  was	  identified	  as	  the	  spreading	  condition	  and	  the	  three	  hour	  time	  point	  was	  identified	  as	  the	  spread	  condition.	  A	  legend	  of	  the	  schematics	  used	  to	  describe	  the	  experimental	  conditions	  throughout	  the	  paper	  is	  shown	  in	  Fig.	  1B.	  Spreading	  Panc-­‐1	  cells	  showed	  a	  decrease	  in	  S-­‐MMP	  activity	  with	  contractility	  inhibitors,	  Y-­‐27632	  (Y),	  ML-­‐7	  (ML)	  and	  blebbistatin	  (B),	  but	  S-­‐MMP	  activity	  could	  not	  be	  further	  increased	  with	  the	  contractility	  enhancer,	  calyculin	  A	  (CA)	  (Fig	  2B).	  The	  decrease	  due	  to	  inhibition	  of	  contractility	  with	  either	  blebbistatin	  or	  Y-­‐27632	  matched	  closely	  to	  that	  seen	  with	  the	  pan	  MMP	  inhibitor,	  marimastat	  (M)	  (Fig.	  2B).	  HaCat	  cells,	  a	  non-­‐tumorigenic	  cell	  line,	  showed	  an	  insensitive	  MMP	  activity	  response	  to	  contractility	  inhibitors	  or	  enhancers	  (Fig.	  2B).	  The	  change	  in	  MMP	  activity	  due	  to	  these	  contractility	  inhibitors	  and	  enhancers	  was	  not	  caused	  by	  direct	  inhibition	  of	  MT1-­‐MMP	  activity	  as	  these	  inhibitors	  and	  enhancers	  did	  not	  block	  in	  vitro	  cleavage	  of	  the	  peptide	  substrate	  (Fig.	  S3).	  Spread	  Panc-­‐1	  and	  HaCat	  cells	  showed	  similar	  qualitative	  responses	  of	  S-­‐MMP	  activity	  to	  contractility	  inhibitors	  and	  enhancers	  (Fig.	  2C).	  However,	  marimastat,	  Y-­‐27632	  and	  blebbistatin	  blocked	  S-­‐MMP	  activity	  to	  a	  greater	  extent	  (Fig.	  2C).	  In	  addition,	  two	  other	  pancreatic	  cancer	  cell	  lines	  BxPC-­‐3	  and	  AsPC-­‐1	  cells	  showed	  a	  more	  attenuated	  response	  post	  spreading	  to	  contractility	  inhibitors	  and	  enhancers,	  however,	  it	  is	  evident	  that	  increasing	  contraction	  increased	  S-­‐MMP	  activity	  (Fig.	  2D).	  No	  difference	  in	  BxPC-­‐3	  or	  AsPC-­‐1	  cells	  was	  seen	  during	  spreading	  (data	  not	  shown).	  MT-­‐MMP	  activity	  showed	  a	  similar	  dependence	  on	  the	  contractile	  state	  of	  the	  cell	  as	  did	  S-­‐MMP	  activity	  with	  the	  exception	  that	  during	  spreading	  marimastat,	  Y-­‐27632	  and	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blebbistatin	  blocked	  MT-­‐MMP	  activity	  equally	  as	  well	  as	  ML-­‐7	  (Fig	  2E&F).	  In	  addition,	  MT-­‐MMP	  activity	  under	  control	  or	  calyculin	  A	  treatment	  was	  increased	  after	  spreading	  when	  compared	  to	  MT-­‐MMP	  activity	  during	  spreading.	  (Fig	  2E&F).	  The	  two	  other	  pancreatic	  cancer	  cell	  lines	  again	  showed	  small,	  but	  a	  statistically	  significant	  increase	  in	  MT-­‐MMP	  activity	  with	  increased	  contraction	  after	  spreading.	  No	  difference	  in	  BxPC-­‐3	  or	  AsPC-­‐1	  cells	  was	  seen	  during	  spreading	  (data	  not	  shown).	  	   Though	  contractile	  force	  seems	  to	  dramatically	  alter	  MMP	  activity	  in	  Panc-­‐1	  cells	  and	  marginally	  alter	  MMP	  activity	  in	  BxPC-­‐3	  and	  AsPC-­‐1	  cells	  plated	  on	  adsorbed	  collagen	  I,	  this	  ECM	  condition	  is	  quite	  different	  from	  what	  is	  seen	  in	  vivo.	  One	  difference	  is	  the	  stiffness	  of	  the	  substrate.	  Tissue	  culture	  plastic	  like	  that	  used	  in	  this	  study	  is	  stiff	  and	  has	  a	  Young’s	  modulus	  of	  ~	  1	  GPa,	  whereas	  a	  1	  mg/mL	  collagen	  gel	  is	  soft	  and	  has	  a	  Young’s	  modulus	  of	  ~	  0.2	  kPa.	  This	  decrease	  (increase)	  in	  substrate	  stiffness	  is	  sensed	  by	  the	  cell	  and	  results	  in	  a	  decrease	  (increase)	  in	  cell	  contractility	  [46].	  Because	  Panc-­‐1	  cells	  increase	  their	  contractility	  on	  stiff	  substrates,	  perhaps	  the	  extremely	  stiff	  environment	  of	  the	  tissue	  culture	  plastic	  saturates	  the	  contractility	  under	  control	  conditions.	  Therefore,	  we	  conducted	  the	  same	  experiments	  on	  1	  mg/mL	  collagen	  gels.	  On	  these	  gels,	  S-­‐MMP	  and	  MT-­‐MMP	  activity	  showed	  no	  great	  decrease	  in	  MMP	  activity	  after	  either	  treatment	  with	  marimastat	  or	  contractility	  inhibitors	  with	  the	  exception	  of	  S-­‐MMP	  activity	  in	  spreading	  cells	  (Fig.	  3).	  However,	  treatment	  with	  the	  contractility	  enhancer	  calyculin	  A	  did	  show	  a	  dramatic	  increase	  in	  MMP	  activity	  with	  the	  exception	  of	  S-­‐MMP	  activity	  in	  spreading	  cells	  (Fig.	  3).	  This	  suggests	  that	  on	  stiff	  substrates	  MMP	  activity	  can	  be	  decreased	  by	  contractility	  inhibitors,	  but	  MMP	  activity	  is	  saturated	  and	  cannot	  be	  increased	  further	  by	  contractility	  enhancers.	  However,	  if	  cells	  are	  plated	  on	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soft	  substrates,	  MMP	  activity	  is	  low	  and	  cannot	  be	  decreased	  with	  contractility	  inhibitors,	  however	  contractility	  enhancers	  can	  increase	  MMP	  activity.	  In	  order	  to	  test	  this	  view,	  cells	  were	  plated	  on	  5	  mg/mL	  collagen	  gels,	  which	  are	  stiffer	  than	  1	  mg/mL	  collagen	  gels,	  but	  softer	  than	  absorbed	  collagen	  on	  plastic.	  Cells	  display	  an	  intermediate	  behavior,	  where	  both	  contractility	  inhibitors	  and	  enhancers	  can	  modulate	  MMP	  activity	  (Fig.	  S4).These	  consistent	  changes	  in	  MMP	  activity	  in	  response	  to	  contractility	  inhibitors	  and	  enhancers	  on	  absorbed	  and	  gelled	  collagen	  were	  not	  seen	  in	  non-­‐tumorigenic	  HaCat	  cells	  or	  a	  breast	  cancer	  cell	  line	  (MDA-­‐MB-­‐231)	  and	  were	  attenuated,	  but	  statistically	  significant	  in	  BxPC-­‐3	  and	  AsPC-­‐1	  cells	  (Fig.	  2,	  3,	  S4	  and	  S5).	  
MMP	  activity	  in	  pancreatic	  cancer	  cells	  increases	  with	  increased	  ECM	  stiffness	  Since	  contractility	  inhibitors	  and	  enhancers	  significantly	  regulate	  MMP	  activity	  in	  Panc-­‐1	  cells	  and	  to	  a	  lesser	  extent	  in	  BxPC-­‐3	  and	  AsPC-­‐1	  cells,	  we	  then	  investigated	  whether	  ECM	  stiffness	  regulated	  MMP	  activities.	  One	  way	  in	  which	  to	  tune	  collagen	  gel	  stiffness	  is	  through	  the	  gelling	  collagen	  concentration.	  Low	  collagen	  concentrations	  generate	  soft	  gels,	  whereas	  high	  collagen	  concentrations	  generate	  stiffer	  gels.	  MMP	  activities	  in	  different	  cell	  lines	  were	  measured	  in	  cells	  plated	  on	  various	  collagen	  gel	  concentrations.	  As	  collagen	  concentration	  increased,	  Panc-­‐1	  cells	  show	  a	  significantly	  higher	  S-­‐MMP	  activity,	  while	  HaCat	  and	  MDA-­‐MB-­‐231	  cells	  display	  no	  response	  during	  spreading	  (Fig	  4A	  and	  S6A).	  MT-­‐MMP	  activity	  also	  increased	  with	  higher	  collagen	  gel	  concentration	  during	  spreading	  in	  Panc-­‐1	  cells,	  though	  less	  significantly.	  HaCat	  and	  MDA-­‐MB-­‐231	  cells	  again	  showed	  no	  response	  during	  spreading	  (Fig	  4B	  and	  S6B).	  Interestingly,	  the	  response	  to	  increasing	  stiffness	  differed	  qualitatively	  between	  the	  three	  pancreatic	  cancer	  cell	  lines	  after	  spreading	  (Fig	  4C&D).	  Collagen	  gels	  of	  1	  mg/ml	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are	  less	  stiff	  than	  gels	  of	  5	  mg/ml,	  which	  are	  less	  stiff	  than	  collagen	  adsorbed	  to	  plastic.	  As	  stiffness	  increased,	  Panc-­‐1	  cells	  increased	  their	  MMP	  activity,	  but	  both	  BxPC-­‐3	  and	  AsPC-­‐1	  cells	  decreased	  their	  MMP	  activity.	  HaCat	  cells	  remain	  roughly	  the	  same	  (Fig	  4C&D).	  However,	  this	  is	  not	  a	  clear	  demonstration	  of	  the	  importance	  of	  ECM	  stiffness	  on	  regulating	  MMP	  activity,	  because	  changes	  in	  the	  collagen	  density,	  a	  possibly	  important	  determinant	  of	  MMP	  activity,	  are	  used	  to	  change	  substrate	  stiffness.	  Consequently,	  we	  used	  glutaraldehyde	  and	  transglutaminase	  to	  crosslink	  gelled	  collagen	  and	  increase	  the	  stiffness	  of	  the	  gel	  without	  changing	  collagen	  concentration.	  This	  allowed,	  for	  the	  decoupling	  of	  ECM	  density	  and	  stiffness.	  	   We	  first	  determined	  whether	  crosslinking	  using	  glutaraldehyde,	  which	  stiffens	  collagen	  matrices	  [170,171,172],	  upregulates	  MMP	  activity.	  There	  were	  marginal,	  but	  statistically	  significant	  increases	  in	  MMP	  activity	  on	  glutaraldehyde	  treated	  collagen	  gels	  (1	  mg/ml)	  (Fig	  5A).	  In	  addition,	  transglutaminase	  was	  added	  to	  a	  low	  concentration	  collagen	  gel	  (1	  mg/mL)	  and	  cells	  were	  seeded	  on	  these	  crosslinked	  gels	  and	  compared	  to	  the	  uncrosslinked	  gels.	  Panc-­‐1	  cells	  showed	  no	  change	  in	  S-­‐MMP	  activity	  and	  a	  decrease	  in	  MT-­‐MMP	  activity	  on	  crosslinked	  gels	  during	  spreading	  (Fig.	  5B).	  Interestingly,	  S-­‐MMP	  and	  MT-­‐MMP	  activities	  both	  increased	  dramatically	  in	  spread	  Panc-­‐1	  cells	  on	  crosslinked	  gels	  (Fig	  5B).	  In	  order	  to	  determine	  if	  this	  increase	  in	  MMP	  activity	  was	  dependent	  on	  the	  contractile	  state	  of	  the	  cell	  we	  treated	  cells	  seeded	  on	  crosslinked	  gels	  with	  contractility	  inhibitors	  and	  enhancers.	  Increasing	  contractility	  with	  calyculin	  A	  could	  not	  further	  increase	  MMP	  activity	  from	  the	  control	  on	  crosslinked	  gels.	  However,	  both	  S-­‐MMP	  and	  MT-­‐MMP	  activities	  displayed	  significant	  inhibition	  with	  contractility	  inhibitors	  to	  levels	  seen	  with	  a	  proteinase	  inhibitor,	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demonstrating	  that	  the	  increase	  in	  MMP	  activity	  due	  to	  crosslinking	  is	  primarily	  a	  mechanical	  effect	  and	  is	  dependent	  on	  changes	  in	  cellular	  contractility	  (Fig	  5C&D).	  
Pancreatic	  cells	  sense	  ECM	  stiffness,	  modulating	  MMP	  activities,	  via	  heparan	  sulfate	  
groups	  
	   Considering	  that	  ECM	  mechanics	  regulate	  MMP	  activities	  and	  their	  response	  to	  contractile	  state,	  we	  then	  investigated	  how	  cells	  sense	  these	  changes	  in	  ECM	  mechanics	  in	  order	  to	  tune	  their	  MMP	  activities.	  Panc-­‐1	  cells	  were	  treated	  with	  Heparinase	  III	  (HEP	  III),	  a	  bacterial-­‐derived	  lyase	  for	  heparan	  sulfate	  groups	  and	  plated	  them	  on	  high	  collagen	  concentration	  gels	  (5	  mg/ml).	  During	  spreading	  and	  after	  cells	  spread,	  HEP	  III	  treatment	  decreased	  S-­‐MMP	  activity,	  but	  had	  no	  effect	  on	  MT-­‐MMP	  activities	  in	  Panc-­‐1	  cells	  (Fig	  6A).	  We	  then	  investigated	  if	  HEP	  III	  treatment	  could	  affect	  MMP	  activity	  responses	  to	  crosslinked	  gels.	  Spread	  Panc-­‐1	  cells	  on	  transglutaminase-­‐crosslinked	  collagen	  gels	  (1	  mg/ml)	  that	  were	  treated	  with	  HEP	  III	  showed	  a	  significant	  decrease	  in	  both	  S-­‐MMP	  and	  MT-­‐MMP	  activities	  from	  what	  had	  previously	  been	  seen	  on	  crosslinked	  gels	  alone.	  The	  activity	  was	  lowered	  to	  similar	  levels	  seen	  on	  low	  concentration	  gels	  (1	  mg/ml)	  without	  crosslinking	  treatment	  (Fig	  6	  B&C)	  	  
Discussion	  Here	  we	  demonstrate	  a	  link	  between	  ECM	  mechanical	  properties	  and	  MMP	  activity	  that	  is	  mediated	  by	  cellular	  myosin	  II-­‐dependent	  contractility	  and	  HSPG-­‐dependent	  adhesion	  in	  Panc-­‐1	  cells.	  Invading	  tumor	  cells	  from	  the	  primary	  tumor	  must	  be	  able	  to	  sense	  the	  density	  of	  crosslinks	  in	  the	  ECM,	  because	  a	  highly	  crosslinked	  ECM	  contains	  pores	  that	  must	  be	  opened	  by	  active	  MMPs	  in	  order	  for	  cell	  migration	  to	  proceed	  [173].	  Because	  the	  mechanical	  properties	  of	  the	  ECM	  are	  set	  in	  part	  by	  the	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crosslinking	  density,	  they	  constitute	  a	  potential	  signal	  for	  MMP	  activity	  regulation.	  A	  higher	  density	  of	  crosslinking	  results	  in	  a	  stiffer	  matrix,	  which	  in	  turn	  activates	  MMP	  activity.	  However,	  cells	  may	  also	  want	  to	  avoid	  over	  degradation	  of	  the	  matrix,	  given	  its	  requirement	  as	  a	  scaffold	  for	  migration.	  Consequently,	  when	  the	  crosslinked	  ECM	  network	  is	  cut	  and	  the	  ECM	  softens,	  MMP	  activity	  must	  be	  shut	  down.	  This	  gives	  the	  cell	  a	  regulated,	  dynamic	  feedback	  system	  that	  allows	  for	  tunable	  MMP	  activity	  to	  meet	  the	  needs	  of	  the	  cell	  under	  all	  ECM	  conditions.	  While	  MMP	  transcription	  or	  translation	  has	  been	  shown	  to	  be	  altered	  in	  response	  to	  changes	  in	  the	  mechanical	  environment,	  these	  changes	  have	  tended	  to	  occur	  over	  long	  timescales	  [65,162,163,164,165,166,167].	  This	  suggests	  that	  the	  mechanical	  cue	  impacts	  a	  post-­‐translational	  process.	  This	  post-­‐translational	  process	  changes	  MMP	  activity	  and	  depends	  on	  both	  contractility	  and	  adhesion	  in	  order	  to	  function	  specifically	  and	  dynamically.	  The	  necessary	  requirement	  of	  contractility	  and	  adhesion	  in	  order	  to	  sense	  mechanical	  properties	  of	  the	  surrounding	  environment	  is	  well-­‐established.	  However,	  the	  observation	  that	  increasing	  contractility	  in	  soft	  environments	  leads	  to	  upregulated	  MMP	  activity	  is	  novel.	  Indeed,	  cancer	  cells	  with	  higher	  Rho	  GTPase	  signaling,	  a	  driver	  of	  enhance	  contractility,	  tend	  to	  be	  more	  invasive	  [174].	  In	  addition	  to	  contractility,	  adhesion	  through	  integrins	  and	  HSPGs	  is	  necessary	  for	  MMP	  upregulation	  in	  response	  to	  mechanical	  signals	  in	  2D	  environments	  [157,158].	  The	  response	  in	  3D	  environments	  is	  less	  well	  understood,	  but	  a	  link	  between	  HSPGs	  and	  MMPs	  has	  been	  proposed	  [175].	  What	  is	  the	  mechanism	  by	  which	  MMP	  activity	  is	  upregulated	  or	  downregulated	  as	  the	  cell	  contractile	  state	  changes?	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Though	  not	  investigated	  here,	  there	  are	  a	  variety	  of	  mechanisms	  that	  could	  explain	  how	  cells	  specifically	  achieve	  a	  change	  in	  MMP	  activity	  due	  to	  changing	  contractility.	  The	  first	  possibility	  is	  a	  change	  in	  the	  spatial	  localization	  of	  MMPs.	  Membrane-­‐bound	  MMPs	  as	  well	  as	  secreted	  MMPs	  that	  bind	  membrane-­‐bound	  receptors	  have	  been	  known	  to	  localize	  to	  either	  focal	  adhesions	  or	  in	  bands	  around	  the	  pericellular	  region	  [21,176,177].	  	  Both	  focal	  adhesions	  and	  the	  pericellular	  band	  are	  likely	  organized	  by	  the	  underlying	  contractile	  actin	  network.	  	  In	  addition,	  HSPGs	  like	  syndecans	  localize	  to	  focal	  adhesions	  [156].	  	  This	  specific	  organization	  not	  only	  puts	  MMPs	  in	  the	  right	  place	  for	  degradation,	  but	  could	  also	  force	  their	  interaction	  with	  accessory	  proteins	  that	  enhance	  the	  intrinsic	  enzymatic	  activity.	  In	  addition	  to	  localization,	  the	  rate	  of	  exocytosis	  or	  endocytosis	  of	  MMPs	  could	  drive	  differences	  in	  MMP	  concentration	  and	  consequently	  activity	  on	  a	  per	  cell	  basis	  [178].	  The	  actin	  cytoskeleton	  is	  known	  to	  regulate	  both	  exocytosis	  and	  endocytosis,	  providing	  a	  possible	  link	  between	  myosin	  II	  contractility	  and	  MMP	  activity.	  In	  addition	  to	  MMPs,	  TIMPs	  may	  also	  be	  controlled	  by	  contractility	  [79].	  Changes	  in	  localization,	  endocytosis	  or	  exocytosis	  could	  impact	  the	  amount	  of	  active	  TIMPs	  as	  well	  as	  their	  interaction	  with	  MMPs.	  Further	  investigation	  is	  needed	  to	  delineate	  the	  mechanism	  used	  by	  pancreatic	  cancer	  cells	  to	  increase	  or	  decrease	  MMP	  activity	  in	  response	  to	  alterations	  in	  contractility	  and	  mechanical	  properties	  of	  the	  microenvironment.	  Interestingly,	  MMP	  activity	  and	  its	  response	  to	  alterations	  in	  contractility	  or	  matrix	  stiffness	  were	  different	  among	  different	  cell	  lines.	  HaCats	  showed	  no	  MMP	  response	  under	  any	  condition.	  MDA-­‐MB-­‐231	  cells,	  breast	  cancer	  cells	  that	  were	  taken	  from	  a	  pleural	  effusion	  [179]	  and	  that	  perhaps	  represent	  a	  population	  of	  cells	  that	  had	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already	  left	  the	  primary	  tumor	  site,	  showed	  an	  attenuated	  response	  to	  alterations	  in	  both	  contractility	  and	  matrix	  stiffness,	  when	  compared	  to	  Panc-­‐1	  cells.	  To	  provide	  clearer	  explanation	  of	  the	  cell	  type	  difference,	  we	  examined	  two	  other	  pancreatic	  cancer	  cell	  lines:	  BxPC-­‐3	  cells	  and	  AsPC-­‐1	  cells.	  BxPC-­‐3	  cells	  were	  taken	  from	  a	  primary	  pancreatic	  tumor,	  however	  the	  patient	  showed	  no	  signs	  of	  metastasis	  [180]	  and	  consequently,	  this	  cell	  line	  perhaps	  constitutes	  an	  early	  progression	  state.	  AsPC-­‐1	  cells	  were	  taken	  from	  ascites	  fluid	  [180]	  and	  consequently	  represent	  a	  population	  of	  cells	  that	  had	  already	  left	  the	  primary	  tumor	  site,	  similar	  to	  MDA-­‐MB-­‐231	  cells.	  Panc-­‐1	  cells	  on	  the	  other	  hand	  are	  adenocarcinoma	  cells	  of	  ductal	  cell	  origin	  harvested	  from	  the	  primary	  tumor,	  even	  though	  there	  were	  local	  metastases	  in	  peripancreatic	  lymph	  nodes	  [181].	  Panc-­‐1	  cells	  responded	  robustly	  to	  both	  alterations	  in	  contractility	  and	  matrix	  stiffness.	  As	  contractility	  or	  matrix	  stiffness	  increases,	  MMP	  activity	  increases.	  Both	  BxPC-­‐3	  and	  AsPC-­‐1	  cells	  showed	  attenuated	  but	  statistically	  significant	  changes	  in	  MMP	  activity	  in	  response	  to	  contractility	  enhancers	  and	  inhibitors.	  However,	  as	  stiffness	  increased,	  MMP	  activity	  decreased.	  	  What	  explains	  this	  difference	  in	  MMP	  activity	  between	  pancreatic	  cancer	  cell	  lines?	  Perhaps	  sensitivity	  to	  the	  matrix	  stiffness	  at	  the	  level	  of	  MMP	  activity	  correlates	  with	  or	  causes	  pancreatic	  tumor	  invasion	  (Fig.	  7).	  Certainly,	  matrix	  stiffness	  has	  been	  linked	  to	  invasion	  [49,182].	  This	  might	  explain	  why	  Panc-­‐1	  cells,	  which	  were	  taken	  from	  the	  primary	  tumor	  site	  of	  an	  individual	  with	  metastases,	  sensitively	  respond	  to	  increases	  in	  matrix	  stiffness	  by	  increasing	  MMP	  activity.	  BxPC-­‐3	  cells	  have	  perhaps	  not	  yet	  acquired	  this	  sensing	  mechanism,	  cannot	  detect	  the	  stiff	  and	  often	  fibrotic	  ECM	  environment	  [183,184,185]	  and	  cannot	  activate	  MMPs	  required	  to	  invade	  and	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metastasize.	  AsPC-­‐1	  cells	  and	  MDA-­‐MB-­‐231	  cells	  might	  not	  respond	  to	  mechanical	  cues	  in	  the	  same	  fashion	  that	  Panc-­‐1	  cells	  respond	  for	  a	  slightly	  different	  reason.	  Both	  cell	  lines	  (AsPC-­‐1	  and	  MDA-­‐MB-­‐231)	  were	  taken	  from	  fluid	  consisting	  of	  cells	  that	  had	  already	  metastasized	  and	  left	  the	  primary	  tumor.	  Their	  focus	  is	  to	  colonize	  secondary	  tumor	  sites,	  where	  the	  ECM	  environment	  is	  much	  different	  and	  most	  likely	  less	  dense	  than	  that	  around	  the	  tumor	  [183,184,185].	  Consequently,	  mechanical	  upregulation	  of	  MMP	  activity	  in	  response	  to	  stiff	  ECM	  is	  mostly	  likely	  less	  important.	  In	  addition,	  metastasizing	  cells	  can	  take	  on	  an	  amoeboid	  mode	  of	  migration	  that	  is	  independent	  of	  MMP	  activity	  [186].	  Indeed,	  AsPC-­‐1	  cells	  seem	  to	  be	  somewhat	  less	  well-­‐spread	  than	  either	  Panc-­‐1	  or	  BxPC-­‐3	  cells,	  arguing	  that	  they	  might	  take	  on	  an	  amoeboid	  migratory	  mode.	  The	  genesis	  of	  the	  difference	  in	  mechanical	  MMP	  regulation	  between	  these	  cell	  types	  along	  with	  identifying	  cellular	  mechanisms	  that	  lead	  to	  mechanical	  regulation	  of	  MMP	  activity	  will	  be	  the	  focus	  of	  future	  studies.	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Figures	  
	  	  
Figure	  1:	  Self-­‐quenched	  Fluorescent	  Cleavage	  Peptide	  Specificity	  (A)	  Panc-­‐1	  cells	  were	  incubated	  for	  60	  minutes	  in	  solution	  at	  37	  ºC	  and	  then	  centrifuged	  5	  minutes	  at	  5,000	  RPM.	  The	  supernatant	  was	  separated	  and	  cells	  were	  suspended	  in	  new	  serum	  free	  media.	  Supernatant	  and	  cells	  were	  plated	  on	  0.1	  mg/ml	  absorbed	  collagen	  with	  a	  cell	  density	  of	  approximately	  100,000	  cells	  per	  well.	  Cleavage	  peptides	  were	  added	  at	  10	  µM.	  Error	  bars	  are	  95%	  confidence	  intervals	  (n	  =	  4).	  (B)	  Symbols	  used	  throughout	  the	  article	  to	  illustrate	  the	  various	  conditions.	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Figure	  2:	  Cellular	  Contractility	  Regulates	  MMP	  Activity	  on	  Absorbed	  Collagen	  (A)	  HaCat	  and	  Panc-­‐1	  cells	  were	  plated	  on	  0.1	  mg/ml	  absorbed	  collagen	  at	  25,000	  cells	  per	  well.	  Cells	  were	  stained	  for	  F-­‐actin	  at	  30	  minutes	  (spreading)	  and	  180	  minutes	  (spread).	  Panc-­‐1	  (filled	  circles,	  B,	  C,	  E	  and	  F),	  BxPC-­‐3	  (filled	  triangles,	  D	  and	  G),	  AsPC-­‐1	  (filled	  squares,	  D	  and	  G)	  and	  HaCat	  (open	  squares,	  B,	  C,	  E	  and	  F)	  cells	  were	  plated	  on	  0.1	  mg/ml	  absorbed	  collagen	  under	  various	  drug	  treatments	  (C:	  control,	  M:	  marimastat	  (10	  mM),	  Y:	  Y-­‐27632	  (10	  mM),	  B:	  blebbistatin	  (10	  mM)	  and	  CA:	  calyculin	  A	  (1	  mM)).	  (B)	  S-­‐MMP	  activity	  measured	  at	  high	  cell	  density	  immediately	  following	  plating.	  (C)	  and	  (D),	  S-­‐MMP	  activity	  measured	  at	  high	  cell	  density	  3	  hours	  after	  plating.	  (E),	  MT-­‐MMP	  activity	  measured	  at	  low	  cell	  density	  immediately	  following	  plating.	  (F)	  and	  (G),	  MT-­‐MMP	  activity	  measured	  at	  low	  cell	  density	  3	  hours	  after	  plating.	  Error	  bars	  are	  95%	  confidence	  intervals	  (n	  ≥	  3).	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Figure	  3:	  Cellular	  Contractility	  Regulates	  MMP	  Activity	  on	  Collagen	  Gels	  Panc-­‐1	  (filled	  circles,	  A,	  B,	  D	  and	  E),	  BxPC-­‐3	  (filled	  triangles,	  C	  and	  F),	  AsPC-­‐1	  (filled	  squares,	  C	  and	  F)	  and	  HaCat	  (open	  squares,	  A,	  B,	  D	  and	  E)	  cells	  were	  plated	  on	  0.1	  mg/ml	  absorbed	  collagen	  under	  various	  drug	  treatments	  (C:	  control,	  M:	  marimastat	  (10	  mM),	  Y:	  Y-­‐27632	  (10	  mM),	  B:	  blebbistatin	  (10	  mM)	  and	  CA:	  calyculin	  A	  (1	  mM)).	  (A)	  S-­‐MMP	  activity	  measured	  at	  high	  cell	  density	  immediately	  following	  plating.	  (B)	  and	  (C)	  S-­‐MMP	  activity	  measured	  at	  high	  cell	  density	  3	  hours	  after	  plating.	  (D)	  MT-­‐MMP	  activity	  measured	  at	  low	  cell	  density	  immediately	  following	  plating.	  (E)	  and	  (F)	  MT-­‐MMP	  activity	  measured	  at	  low	  cell	  density	  3	  hours	  after	  plating.	  Error	  bars	  are	  95%	  confidence	  intervals	  (n	  ≥	  3).	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Figure	  4:	  Collagen	  Concentration	  in	  Gels	  Effects	  MMP	  Activities	  Panc-­‐1	  (filled	  circles,	  A	  and	  B)	  and	  HaCat	  (open	  squares,	  A	  and	  B)	  cells	  were	  plated	  on	  various	  concentrations	  of	  collagen	  gels	  and	  0.1	  mg/ml	  absorbed	  collagen.	  (A)	  S-­‐MMP	  activity	  measured	  at	  high	  cell	  density	  in	  cells	  plated	  on	  collagen	  gels	  of	  increasing	  concentration	  during	  spreading.	  (B)	  MT-­‐MMP	  activity	  measured	  at	  low	  cell	  density	  in	  cells	  plated	  on	  collagen	  gels	  of	  increasing	  concentration	  during	  spreading.	  (C)	  S-­‐MMP	  activity	  measured	  at	  high	  density	  after	  cells	  have	  spread	  on	  1	  mg/ml	  collagen	  gels	  (1),	  5	  mg/ml	  collagen	  gels	  (5)	  and	  0.1	  mg/ml	  collagen	  physisorbed	  to	  plastic	  (P).	  (D)	  MT-­‐MMP	  activity	  measured	  at	  low	  density	  after	  cells	  have	  spread	  on	  1	  mg/ml	  collagen	  gels	  (1),	  5	  mg/ml	  collagen	  gels	  (5)	  and	  0.1	  mg/ml	  collagen	  physisorbed	  to	  plastic	  (P).	  Error	  bars	  are	  95%	  confidence	  intervals	  (n	  =	  6).	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Figure	  5:	  Crosslinked	  Gels	  Increase	  MMP	  Activities	  in	  Spread	  Cells	  (A)	  MMP	  activity	  measured	  in	  Panc-­‐1	  cells	  after	  spreading	  on	  glutaraldehyde	  treated	  1	  mg/ml	  collagen	  gels.	  (B)	  MMP	  activity	  measured	  in	  Panc-­‐1	  cells	  during	  or	  after	  spreading	  with	  S-­‐MMP	  activity	  measured	  with	  high	  cell	  density	  and	  MT-­‐MMP	  activity	  measured	  at	  low	  cell	  density.	  Collagen	  gels	  (1	  mg/mL)	  were	  gelled	  in	  the	  presence	  of	  50	  µg/ml	  transglutaminase	  (n	  =	  4).	  (C)	  	  S-­‐MMP	  activities	  are	  measured	  at	  a	  high	  cell	  density	  in	  Panc-­‐1	  cells	  3	  hours	  after	  plating	  on	  	  1	  mg/ml	  collagen	  gels,	  1	  mg/ml	  collagen	  gels	  +	  50µg/ml	  transglutaminase	  or	  on	  1	  mg/ml	  collagen	  gels	  +	  50µg/ml	  transglutaminase	  under	  various	  drug	  treatments	  (M:	  marimastat	  (10	  mM),	  Y:	  Y-­‐27632	  (10	  mM),	  B:	  blebbistatin	  (10	  mM)	  and	  CA:	  calyculin	  A	  (1	  mM))	  (n	  =	  3).	  (D)	  MT-­‐MMP	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activities	  are	  measured	  at	  low	  density	  in	  Panc-­‐1	  cells	  3	  hours	  after	  plating	  on	  	  1	  mg/ml	  collagen	  gels,	  1	  mg/ml	  collagen	  gels	  +	  50µg/ml	  transglutaminase	  or	  on	  1	  mg/ml	  collagen	  gels	  +	  50µg/ml	  transglutaminase	  under	  various	  drug	  treatments	  (M:	  marimastat	  (10	  mM),	  Y:	  Y-­‐27632	  (10	  mM),	  B:	  blebbistatin	  (10	  mM)	  and	  CA:	  calyculin	  A	  (1	  mM))	  (n	  =	  3).	  Error	  bars	  are	  95%	  confidence	  intervals.	  	  	  	  	  	  	  	  	  
Figure	  6:	  Cells	  Sense	  Collagen	  Gel	  Crosslinking	  Via	  Heparan	  Sulfate	  Groups.	  (A)	  MMP	  activity	  measured	  in	  Panc-­‐1	  cells	  during	  or	  after	  spreading	  with	  S-­‐MMP	  activity	  measured	  at	  high	  cell	  density	  and	  MT-­‐MMP	  activity	  measured	  at	  low	  cell	  density.	  Cells	  were	  plated	  on	  5	  mg/ml	  collagen	  gels	  with	  and	  without	  3	  µg/mL	  HEP	  III	  per	  well.	  (B)	  S-­‐MMP	  activities	  are	  measured	  in	  Panc-­‐1	  cells	  at	  high	  density	  3	  hours	  after	  plating	  on	  1	  mg/ml	  collagen	  gels,	  1	  mg/ml	  +	  50	  µg/ml	  transglutaminase	  and	  1	  mg/ml	  +	  50	  µg/ml	  transglutaminase	  after	  incubation	  with	  HEP	  III.	  (C)	  MT-­‐MMP	  activities	  are	  measured	  in	  Panc-­‐1	  cells	  at	  low	  density	  3	  hours	  after	  plating	  on	  1	  mg/ml	  collagen	  gels,	  1	  mg/ml	  +	  50	  µg/ml	  transglutaminase	  and	  1	  mg/ml	  +	  50	  µg/ml	  transglutaminase	  after	  incubation	  with	  HEP	  III.	  Error	  bars	  are	  95%	  confidence	  intervals	  (n	  =	  3).	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Figure	  7:	  Contractility-­‐mediated	  Changes	   in	  MMP	  activity	  Depend	  on	  the	  Stiffness	  of	   the	  
Substrate	  which	  is	  regulated	  through	  Collagen	  Concentration	  and	  Crosslinking	  
	  
	   BxPC-­‐3	  and	  AsPC-­‐1	  cells	  have	  marginal,	  but	  statistically	  significant	  responses	  to	  altered	  contractility	  and	  show	  decreases	  in	  MMP	  activity	  as	  a	  function	  of	  collagen	  concentration	  or	  matrix	  stiffness.	  Panc-­‐1	  cells	  are	  more	  sensitive	  to	  altered	  contractility;	  however	  these	  effects	  depend	  on	  the	  stiffness	  of	  the	  ECM.	  On	  stiff	  ECM,	  MMP	  activity	  is	  usually	  saturated	  and	  cannot	  be	  increased	  with	  enhanced	  contractility	  and	  conversely	  on	  soft	  ECM,	  MMP	  activity	  is	  usually	  low	  and	  cannot	  be	  decreased	  with	  inhibited	  contractility.	  In	  addition,	  Panc-­‐1	  cells	  show	  increases	  in	  MMP	  activity	  as	  a	  function	  of	  collagen	  concentration,	  matrix	  stiffness	  or	  collagen	  crosslinking.	  A	  schematic	  showing	  the	  origin	  of	  the	  different	  pancreatic	  cancer	  cell	  lines	  is	  shown	  to	  the	  left.	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Figure S1: Fluorescent Cleavage Peptide Output 
(A) S-MMP fluorescence over 90 minutes at a high cell density with or without 
10µM marimastat and in the absence of cells. Measurements were taken immediately after 
plating cells on 0.1 mg/ml collagen. (B) MT-MMP fluorescence over 90 minutes at a low cell 
density with or without 10 µM marimastat and in the absence of cells. Measurements were 
taken immediately after plating cells on 0.1 mg/ml collagen.  
 
Figure S2: Cell Density Effects on S-MMP and MT-MMP Activities 
 S-MMP activity measured at high cell density and MT-MMP activity measured at 
low cell density in different cell lines. Cells were plated on 0.1 mg/ml absorbed collagen. 
Error bars are 95% confidence intervals (n = 4). 
73	  
	  
 
Figure S3: Blebbistatin and Calyculin A do not Affect MMP-14 Activity 
An in vitro assay was performed on purified MMP-14 catalytic domain after the 
addition of marimastat (M), blebbistatin (B) and calyculin A (CA). The activity on both 
peptides was measured. Error bars are 95% confidence intervals (n = 6). 
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Figure S4: Cellular Contractility Regulates MMP Activity on High Collagen Concentration 
Gels 
 
All cells were plated on 5mg/ml collagen gels under various drug treatments (C: 
control, M: marimastat (10 µM), Y: Y-27632 (10 µM), B: blebbistatin (10 µM) and CA: 
calyculin A (1 µM)). (A) S-MMP activities measured at high cell density immediately after 
plating. (B) S-MMP activities measured at high cell density 3 hours after plating. (C) MT-
MMP activities measured at low cell density immediately after plating. (D) MT-MMP 
activities measured 3 hours after plating. Error bars are 95% confidence intervals (n ≥ 3). 
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Figure S5: Cellular Contractility Does Not Effect MMP Activities in MDA-MB-231 Cells.  
(A) S-MMP activities measured at high cell density of MDA-MB-231 cells 
immediately after plating on 0.1 mg/ml absorbed collagen (black cirles) and 1 mg/ml (gray 
squares) or 5 mg/ml (open squares) collagen gels under various drug treatments. (B) S-MMP 
activities measured at high cell density of MDA-MB-231 cells 3 hours after plating on 0.1 
mg/ml absorbed collagen under various drug treatments. (C) MT-MMP activities measured at 
low cell density of MDA-MB-231 cells immediately after plating on 0.1 mg/ml absorbed 
collagen (black cirles) and 1 mg/ml (gray squares) or 5 mg/ml (open squares) collagen gels 
under various drug treatments. (D) MT-MMP activities measured at low cell density of 
MDA-MB-231 cells 3 hours after plating on 0.1mg/ml absorbed collagen under various drug 
treatments. Drug treatments used (C: control, M: marimastat (10 µM), Y: Y-27632 (10 µM), 
B: blebbistatin (10 µM) and CA: calyculin A (1 µM)). Error bars are 95% confidence 
intervals (n ≥ 3).  
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Figure S6: Collagen Concentration in Gels Has No Effect on MMP Activities in MDA-MB-
231 Cells. 
 
(A) S-MMP activity measured at high cell density in MDA-MB-231 cells 
immediately after cells were plated on various collagen gel concentrations. (B) MT-MMP 
activity measured at low cell density in MDA-MB-231 cells immediately after cells were 
plated on various collagen gel concentrations. Error bars are 95% confidence intervals (n ≥ 
3). 
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Abstract	  
	   Matrix	  metalloproteinases	  (MMPs)	  are	  extracellular	  matrix	  (ECM)	  degrading	  enzymes	  and	  have	  complex	  and	  specific	  regulation	  networks.	  This	  includes	  activation	  interactions,	  where	  one	  MMP	  family	  member	  activates	  another.	  ECM	  degradation	  and	  MMP	  activation	  can	  be	  initiated	  by	  several	  different	  stimuli	  including	  changes	  in	  ECM	  mechanical	  properties	  or	  intracellular	  contractility.	  These	  mechanical	  stimuli	  are	  known	  enhancers	  of	  metastatic	  potential.	  MMP-­‐14	  facilitates	  local	  ECM	  degradation	  and	  is	  well	  known	  as	  a	  major	  mediator	  of	  cell	  migration,	  angiogenesis	  and	  invasion.	  Recently,	  function	  blocking	  antibodies	  have	  been	  developed	  to	  specifically	  block	  MMP-­‐14,	  providing	  a	  useful	  tool	  for	  research	  as	  well	  as	  therapeutic	  applications.	  Here	  we	  utilize	  a	  selective	  MMP-­‐14	  function	  blocking	  antibody	  to	  delineate	  the	  role	  of	  MMP-­‐14	  as	  an	  activator	  of	  other	  MMPs	  in	  response	  to	  changes	  in	  cellular	  contractility	  and	  ECM	  stiffness.	  Inhibition	  using	  function	  blocking	  antibodies	  reveals	  that	  MMP-­‐14	  activates	  soluble	  MMPs	  like	  MMP-­‐2	  and	  -­‐9	  under	  various	  mechanical	  stimuli	  in	  the	  pancreatic	  cancer	  cell	  line,	  Panc-­‐1.	  In	  addition,	  inhibition	  of	  MMP-­‐14	  abates	  Panc-­‐1	  cell	  extension	  into	  3D	  gels	  to	  levels	  seen	  with	  non-­‐specific	  pan-­‐MMP	  inhibitors	  at	  higher	  concentrations.	  This	  strengthens	  the	  case	  for	  MMP	  function	  blocking	  antibodies	  as	  more	  potent	  and	  specific	  MMP	  inhibition	  therapeutics.	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Introduction	  In	  order	  for	  cells	  to	  penetrate	  dense	  extracellular	  matrix	  (ECM),	  they	  must	  degrade	  ECM,	  allowing	  them	  to	  squeeze	  through	  small,	  fixed	  pores.	  Matrix	  metalloproteinases	  (MMPs)	  comprise	  a	  large	  family	  of	  enzymes	  that	  degrade	  ECM.	  MMP	  activity	  has	  been	  tightly	  associated	  with	  cancer	  progression,	  most	  notably	  during	  metastasis	  [26].	  MMP	  activation	  is	  tightly	  controlled	  and	  up-­‐regulated	  in	  response	  to	  inputs	  including	  hypoxia,	  growth	  factors	  and	  ECM	  composition.	  However,	  metastasis	  is	  also	  controlled	  through	  extracellular	  mechanical	  inputs	  such	  as	  ECM	  crosslinking	  or	  ECM	  density	  [49,183]	  as	  well	  as	  intracellular	  mechanical	  responses	  such	  as	  contractility	  and	  traction	  force	  [144,187,188,189].	  This	  has	  led	  to	  work	  examining	  if	  mechanical	  inputs	  regulate	  MMP	  activity.	  Indeed,	  MMPs	  cleave	  collagen	  at	  different	  rates	  when	  collagen	  is	  under	  different	  amounts	  of	  tension	  [168,190].	  In	  addition,	  bulk	  MMP	  activity	  and	  ECM	  degradation	  at	  the	  sites	  of	  invadopodia	  depends	  on	  cellular	  contractility,	  traction	  force	  and	  ECM	  stiffness	  [133,191,192,193].	  However,	  it	  is	  not	  known	  which	  MMP	  family	  member	  is	  mediating	  the	  responses	  to	  mechanical	  inputs.	  Because	  cancer	  cells	  appear	  to	  sense	  mechanical	  inputs	  differently,	  it	  is	  particularly	  important	  to	  know	  which	  MMP	  is	  transducing	  the	  mechanosensitive	  response	  if	  therapeutic	  approaches	  to	  block	  mechanosensitive	  MMP	  activity	  are	  to	  be	  designed.	  	   MMP-­‐14	  is	  a	  membrane-­‐tethered	  MMP	  that	  cleaves	  several	  cell	  adhesion	  proteins	  and	  is	  involved	  in	  growth	  factor	  processing	  [11,194],	  but	  its	  primary	  role	  is	  in	  localized	  ECM	  degradation.	  Recently,	  it	  was	  discovered	  that	  MMP-­‐14	  can	  be	  secreted	  in	  exosomes	  [195],	  however	  MMP-­‐14	  often	  works	  while	  at	  the	  cell	  membrane	  and	  in	  close	  proximity	  to	  ECM	  attachment.	  For	  instance,	  MMP-­‐14	  localizes	  to	  perinuclear	  regions	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that	  are	  in	  close	  contact	  with	  ECM	  that	  form	  small	  pores,	  hindering	  the	  advance	  of	  the	  nucleus	  [196,197].	  MMP-­‐14	  also	  localizes	  to	  other	  focal	  degradation	  structures	  including	  invadopodia	  and	  focal	  adhesions	  [21,198].	  At	  these	  sites	  MMP-­‐14	  activity	  acts	  as	  a	  collagenase;	  however,	  once	  collagen	  is	  cleaved	  gelatinases	  like	  MMP-­‐2	  and	  -­‐9	  can	  fully	  degrade	  these	  partially	  degraded	  collagen	  fibers	  [26].	  Different	  MMPs	  might	  cooperate	  in	  order	  to	  achieve	  a	  required	  ECM	  degradation.	  This	  idea	  of	  cooperation	  is	  strengthened	  by	  evidence	  showing	  that	  MMP-­‐14	  can	  activate	  other	  MMPs	  by	  cleaving	  their	  pro-­‐domains	  and	  can	  bind	  soluble	  MMPs	  and	  localize	  them	  to	  the	  surface	  of	  the	  cell	  [26].	  The	  localized	  degradation	  by	  MMP-­‐14	  as	  well	  as	  its	  ability	  to	  activate	  soluble	  MMPs	  suggest	  that	  MMP-­‐14	  is	  a	  powerful	  point	  of	  control	  over	  ECM	  degradation	  that	  is	  needed	  to	  facilitate	  cell	  migration	  though	  dense	  ECM	  [177].	  Due	  to	  the	  roles	  outlined	  above,	  MMPs	  remain	  one	  of	  the	  most	  appealing	  drug	  targets	  for	  prevention	  of	  cancer	  metastasis.	  However,	  the	  failure	  of	  small	  molecule	  pan-­‐MMP	  inhibitors	  has	  dampened	  the	  outlook,	  presumably	  due	  to	  the	  fact	  that	  these	  inhibitors	  block	  several	  of	  the	  MMP	  family	  members	  with	  advantageous	  or	  homeostatic	  activities	  [26,76].	  More	  specific	  and	  potent	  inhibition	  of	  MMPs	  like	  MMP-­‐14	  is	  desired	  [19,92,199].	  Function	  blocking	  antibodies	  have	  provided	  a	  hopeful	  outlook	  in	  blocking	  individual	  MMPs	  [92].	  Characterizing	  how	  these	  very	  specific	  MMP-­‐14	  inhibitors	  affect	  cell	  migration	  in	  dense	  ECM	  as	  well	  as	  using	  them	  to	  understand	  how	  the	  MMP-­‐14	  inhibition	  regulates	  the	  activity	  of	  other	  MMPs	  is	  critical.	  This	  is	  particularly	  relevant	  in	  pancreatic	  cancer,	  where	  cancer	  progression	  is	  marked	  by	  the	  fibrotic	  nature	  of	  the	  ECM	  surrounding	  and	  throughout	  the	  tumor	  [37].	  This	  fibrotic	  ECM	  is	  dense	  and	  stiff	  and	  requires	  high	  pericellular	  MMP	  activity	  in	  order	  for	  cells	  to	  invade	  through	  it	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suggesting	  that	  this	  disease	  might	  be	  sensitive	  to	  specific	  MMP-­‐14	  inhibition	  as	  an	  approach	  to	  block	  invasion	  and	  metastasis.	  	  
Materials	  &	  Methods	  
DX-­‐2400	  Fab	  Production	  and	  Inhibition	  Assay	  	  The	  VH	  and	  VL	  domains	  of	  DX-­‐2400	  were	  PCR	  amplified	  using	  pMopac-­‐DX-­‐2400	  scFv	  as	  the	  template	  [200],	  then	  	  cloned	  into	  NsiI/HindIII	  and	  BglII/BsmBI	  sites	  on	  pHP153	  phagemid	  expression	  vector	  [201].	  A	  6xHis	  tag	  followed	  by	  a	  stop	  codon	  was	  inserted	  after	  heavy	  chain	  constant	  CH1	  domain	  for	  purification.	  After	  overnight	  cultivation	  at	  30	  oC	  in	  1L	  2	  x	  YT	  media,	  soluble	  DX-­‐2400	  Fab	  was	  recovered	  from	  the	  periplasmic	  fraction	  by	  osmotic	  shocks	  [202]	  and	  purified	  by	  affinity	  chromatography	  using	  Ni-­‐NTA	  resin	  (Qiagen).	  The	  homogeneity	  of	  purified	  DX-­‐2400	  Fab	  was	  verified	  by	  SDS-­‐PAGE,	  and	  its	  concentration	  was	  measured	  by	  NanoDrop	  (Thermo	  Scientific).	  Purified	  DX-­‐2400	  Fab	  was	  dialyzed	  in	  50	  mM	  Tris-­‐HCl	  (pH	  7.5)	  overnight	  to	  remove	  excessive	  imidazole	  for	  in	  vitro	  inhibition	  assays	  and	  cell-­‐based	  bioassays.	  	  	   MMP-­‐14	  catalytic	  domain	  (MMP-­‐14	  CAT)	  was	  constructed,	  expressed	  and	  refolded	  as	  previously	  described	  [200].	  Typically,	  250	  mL	  culture	  yielded	  5	  mg	  purified	  chMMP-­‐14	  with	  35%	  refolding	  efficiency.	  Inhibition	  assay	  of	  DX2400	  Fab	  was	  performed	  by	  measuring	  catalytic	  activity	  of	  purified	  MMP-­‐14	  CAT	  in	  the	  presence	  of	  0-­‐10	  µM	  of	  DX2400	  Fab	  using	  quenched	  fluorescent	  cleavage	  peptides	  S-­‐MMP	  (Mca-­‐PLGL-­‐Dpa-­‐AR-­‐NH2,	  R	  &	  D	  Systems,	  ES001)	  or	  MT-­‐MMP	  (Mca-­‐PLA-­‐C(OMeBz)-­‐WAR(Dpa)-­‐NH2,	  Calbiochem,	  444528)	  as	  the	  substrate.	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Cell	  Culture,	  ECM	  Conditions	  and	  Pharmacological	  Inhibitors	  Human	  pancreatic	  cancer	  cells	  (Panc-­‐1,	  ATCC)	  were	  used	  for	  all	  experiments	  as	  indicated.	  Cultures	  were	  maintained	  using	  DMEM	  with	  phenol	  red	  +	  10%	  FBS,	  2%	  GlutaMAX,	  and	  1%	  penicillin/streptomycin.	  Absorbed	  coatings	  of	  0.1	  mg/ml	  rat-­‐tail	  collagen	  type	  I	  (Life	  Technologies)	  diluted	  in	  0.5	  M	  acetic	  acid	  were	  used.	  The	  96-­‐well	  high-­‐binding	  plate	  was	  incubated	  in	  the	  dark	  at	  37	  °C	  for	  90	  minutes.	  Each	  well	  was	  washed	  twice	  with	  phosphate-­‐buffered	  saline	  (PBS)	  lacking	  Ca2+	  and	  Mg2+	  (Sigma	  Aldrich)	  before	  plating	  cells.	  Gels	  were	  formed	  by	  adding	  specific	  concentrations	  of	  non-­‐pepsin	  treated	  rat-­‐tail	  collagen	  type	  I	  (BD	  Biosciences)	  to	  phenol	  red	  free	  DMEM	  supplemented	  with	  2%	  GlutaMAX,	  1%	  penicillin/streptomycin	  and	  12	  mM	  HEPES	  (Life	  Technologies).	  Guinea	  pig	  transglutaminase	  (2	  U/mg	  (U	  =	  1	  µmole/min),	  Sigma	  Aldrich)	  was	  added	  to	  the	  collagen	  gel	  solution	  at	  50	  µg/ml.	  Cells	  were	  then	  plated	  on	  top	  of	  gels.	  Blebbistatin	  (Calbiochem)	  and	  calyculin	  A	  (Santa	  Cruz	  Biotechnology)	  were	  used	  at	  the	  working	  concentrations	  of	  10	  µM	  and	  1	  µM,	  respectively.	  
MMP	  Activity	  Assays	  in	  Cells	  MMP	  activity	  was	  measured	  as	  elsewhere	  [133].	  Cells	  were	  harvested	  and	  suspended	  in	  serum-­‐free	  media	  with	  or	  without	  drug	  treatments	  for	  1	  hour	  and	  transferred	  to	  a	  high-­‐binding	  96-­‐well	  dish.	  10µM	  of	  S-­‐MMP	  (Mca-­‐PLGL-­‐Dpa-­‐AR-­‐NH2,	  R	  &	  D	  Systems,	  ES001)	  or	  MT-­‐MMP	  (Mca-­‐PLA-­‐C(OMeBz)-­‐WAR(Dpa)-­‐NH2,	  Calbiochem,	  444528)	  quenched	  fluorescent	  cleavage	  peptide	  was	  added	  immediately	  following	  plating	  or	  three	  hours	  post	  plating,	  as	  indicated	  [81,82].	  Fluorescence	  of	  the	  sample	  and	  background	  was	  excited	  at	  320	  nm	  and	  collected	  at	  405	  nm	  over	  one	  hour	  using	  a	  BioTech	  SynergyMx	  micro	  plate-­‐reader.	  The	  slope	  of	  the	  background-­‐subtracted	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fluorescence	  over	  this	  hour	  was	  used	  as	  a	  measure	  of	  MMP	  enzymatic	  activity	  and	  was	  normalized	  by	  the	  cell	  number	  to	  generate	  an	  MMP	  activity	  per	  cell.	  
Hanging	  Drop	  Protrusion	  
	   Panc-­‐1	  cells	  were	  harvested	  and	  suspended	  to	  a	  concentration	  of	  approximately	  500,000	  cells/15μl.	  15μl	  of	  cell	  solution	  was	  placed	  directly	  on	  a	  small	  tissue-­‐culture	  dish	  lid.	  Dishes	  are	  incubated	  with	  inverted	  lids	  for	  24	  hours	  at	  37	  °C	  with	  5%	  CO2.	  Cell	  drops	  were	  then	  transferred	  to	  coverslips	  by	  touch.	  Coverslips	  were	  placed	  on	  4-­‐wall	  chamber	  slide	  containing	  gel	  solution	  and	  sealed.	  Gelled	  drops	  were	  incubated	  at	  37	  °C	  for	  18-­‐28	  hours	  and	  then	  imaged	  using	  a	  10x	  objective	  (NA	  =	  0.3,	  Nikon).	  Cell	  edge	  length	  was	  determined	  using	  ImageJ.	  Extensions	  were	  included	  in	  quantification	  if	  ≥	  5	  
µm	  in	  length.	  	  
Results	  &	  Discussion	  
	   Monoclonal	  antibody	  DX-­‐2400	  can	  block	  MMP-­‐14	  catalytic	  activity	  in	  vitro	  with	  high	  specificity	  [92]	  [200].	  Here	  we	  produced	  DX-­‐2400	  in	  its	  Fab	  format	  and	  compared	  its	  inhibitory	  functions	  with	  a	  pan-­‐MMP	  small	  molecule	  inhibitor	  (marimastat)	  for	  block	  cleavage	  of	  two	  cleavage	  peptides.	  The	  first	  cleavage	  peptide	  (Mca-­‐PLA-­‐C(OMeBz)-­‐WAR(Dpa)-­‐NH2)	  is	  fairly	  specific	  for	  MMP-­‐14,	  so	  we	  call	  it	  the	  membrane-­‐tethered	  (MT)-­‐MMP	  cleavage	  peptide	  [81].	  The	  second	  cleavage	  peptide	  (Mca-­‐PLGL-­‐Dpa-­‐AR-­‐NH2)	  can	  measure	  MMP-­‐14	  as	  well	  as	  MMP-­‐2,	  -­‐9,	  and	  -­‐13.	  However,	  the	  rate	  of	  MMP-­‐14	  cleavage	  is	  roughly	  50%	  that	  of	  MMP-­‐2,	  -­‐9	  and	  -­‐13	  [82]	  and	  accumulation	  of	  MMP-­‐2,	  -­‐9	  and	  -­‐13	  in	  the	  supernatant	  likely	  limits	  the	  MMP-­‐14	  detection	  (Fig.	  2E&F).	  Consequently,	  we	  call	  it	  the	  soluble	  (S)-­‐MMP	  cleavage	  peptide	  [82].	  Both	  of	  these	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peptides	  fluoresce	  when	  cleaved.	  DX-­‐2400	  was	  able	  to	  block	  in	  vitro	  MMP-­‐14	  catalytic	  activity	  at	  10-­‐fold	  lower	  concentrations	  than	  marimastat	  (Fig.	  1A).	  This	  10-­‐fold	  more	  potent	  response	  was	  also	  seen	  when	  measuring	  MMP	  activity	  on	  live	  pancreatic	  cancer	  cells	  (Panc-­‐1).	  DX-­‐2400	  inhibitory	  effects	  were	  significant	  down	  to	  10	  nM	  while	  the	  effect	  of	  marimastat	  was	  only	  robustly	  seen	  above	  100	  nM	  (Fig.	  1).	  Given	  that	  DX-­‐2400	  is	  more	  potent	  (Fig.	  1)	  and	  more	  specific	  [92]	  than	  marimastat,	  we	  were	  interested	  if	  we	  could	  use	  it	  to	  examine	  mechanical	  stimulation	  of	  MMP	  activity.	  	  Mechanical	  properties	  of	  the	  ECM	  are	  sensed	  by	  and	  control	  the	  contractile	  state	  of	  the	  cell.	  Others	  have	  shown	  a	  role	  for	  mechanical	  regulation	  over	  MMP	  activity	  and	  invadopodia,	  which	  locally	  degrade	  ECM	  [191,192,193,203,204].	  In	  addition,	  MMP-­‐14	  is	  known	  to	  cleave	  and	  activate	  MMP-­‐2	  [26].	  Here	  we	  aimed	  to	  investigate	  whether	  the	  activity	  of	  MMP-­‐14	  regulates	  S-­‐MMP	  activation	  in	  response	  to	  mechanical	  perturbation.	  Consequently,	  we	  measured	  both	  MT-­‐MMP	  activity	  and	  S-­‐MMP	  activity	  in	  the	  absence	  or	  presence	  of	  DX-­‐2400	  when	  Panc-­‐1	  cells	  are	  treated	  with	  either	  a	  contractility	  inhibitor	  (blebbistatin)	  or	  an	  enhancer	  (calyculin	  A),	  different	  concentrations	  of	  collagen,	  which	  modulate	  the	  ECM	  stiffness	  or	  gels	  with	  and	  without	  transglutaminase,	  which	  crosslinks	  collagen	  and	  modulates	  the	  ECM	  stiffness.	  As	  to	  be	  expected,	  MT-­‐MMP	  activity	  is	  significantly	  inhibited	  by	  DX-­‐2400	  under	  each	  ECM	  condition	  (Fig	  2A-­‐C).	  On	  soft	  collagen	  gels	  (1	  mg/ml),	  S-­‐MMP	  activity	  is	  regulated	  by	  contractility,	  decreasing	  with	  blebbistatin	  and	  increasing	  with	  calyculin	  A	  treatment	  (Fig.	  2A).	  Blocking	  MMP-­‐14	  activity	  abates	  this	  response.	  DX-­‐2400	  treatment	  resulted	  in	  significantly	  decreased	  S-­‐MMP	  activity	  with	  or	  without	  an	  additional	  contractility	  drug	  when	  compared	  to	  control	  (Fig	  2A).	  S-­‐MMP	  activity	  is	  always	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positively	  correlated	  with	  contractile	  state	  and	  this	  positive	  correlation	  gradually	  increases	  when	  stiffness	  increases	  (Fig	  2A-­‐C),	  becoming	  saturated	  at	  high	  stiffness	  under	  calyculin	  A	  treatment	  (Fig	  2C).	  However,	  S-­‐MMP	  activity	  is	  consistently	  decreased	  to	  low	  levels	  upon	  treatment	  with	  DX-­‐2400.	  This	  suggests	  that	  MMP-­‐14	  responds	  to	  contractility	  and	  activates	  secreted	  MMPs	  like	  MMP-­‐2	  in	  Panc-­‐1	  cells,	  resulting	  in	  changes	  in	  the	  S-­‐MMP	  activity.	  However,	  because	  MMP-­‐14	  can	  be	  secreted	  in	  exosomes	  into	  the	  surroundings	  and	  MMP-­‐2	  can	  bind	  to	  the	  cell	  surface	  through	  MMP-­‐14,	  we	  decided	  to	  separate	  the	  supernatant	  and	  cell	  fractions	  to	  see	  if	  we	  could	  determine	  the	  location	  of	  the	  enhanced	  MMP	  activity	  and	  build	  a	  better	  case	  for	  the	  mechanical	  activation	  of	  soluble	  MMPs	  by	  MMP-­‐14	  (Fig	  2D).	  We	  measured	  MT-­‐MMP	  activity	  in	  the	  supernatant	  and	  saw	  no	  change	  in	  response	  to	  DX-­‐2400,	  suggesting	  that	  MMP-­‐14	  is	  not	  secreted	  in	  exosomes	  in	  our	  system	  (Fig	  2E).	  Conversely,	  we	  see	  large	  changes	  in	  S-­‐MMP	  activity	  in	  the	  supernatant	  in	  response	  to	  DX-­‐2400.	  Given	  that	  we	  observe	  no	  change	  in	  response	  of	  the	  MT-­‐MMP	  in	  the	  supernatant	  after	  DX-­‐2400	  treatment,	  it	  is	  likely	  that	  changes	  in	  S-­‐MMP	  activity	  in	  the	  supernatant	  are	  due	  to	  changes	  in	  soluble	  MMP	  activity	  (Fig	  2E).	  When	  examining	  the	  cell	  fraction,	  MT-­‐MMP	  decreased	  in	  response	  to	  DX-­‐2400	  as	  would	  be	  expected	  (Fig	  2F).	  We	  examined	  the	  S-­‐MMP	  activity	  on	  cells	  and	  saw	  roughly	  no	  change	  in	  response	  to	  DX-­‐2400,	  suggesting	  that	  the	  vast	  majority	  of	  soluble	  MMPs	  that	  are	  activated	  result	  in	  enhance	  soluble	  MMP	  activity	  not	  enhanced	  cell	  surface	  MMP	  activity	  due	  to	  binding	  of	  soluble	  MMPs	  to	  the	  cell	  surface	  (Fig	  2F).	  Since	  MMP-­‐14	  does	  cleave	  S-­‐MMP,	  why	  do	  we	  not	  see	  a	  decrease	  in	  S-­‐MMP	  activity	  on	  the	  surface	  of	  cells?	  Perhaps	  decreasing	  cell	  surface	  MT-­‐MMP	  activity	  is	  compensated	  by	  increased	  surface-­‐
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bound	  soluble	  MMP	  activity.	  This	  explanation	  is	  possible	  given	  that	  MMP-­‐14	  binds	  MMP-­‐2	  through	  TIMP-­‐2,	  which	  is	  known	  to	  block	  MMP-­‐14	  activity	  [205].	  Consequently,	  if	  MMP-­‐14	  was	  merely	  used	  as	  a	  receptor,	  blocking	  its	  activity	  would	  not	  necessarily	  decrease	  S-­‐MMP	  activity	  on	  the	  cell	  surface,	  because	  MMP-­‐2	  activity	  could	  replace	  lost	  MMP-­‐14	  activity.	  What	  is	  certain	  is	  that	  soluble	  MMP	  activity	  goes	  up	  in	  response	  to	  contractile	  state	  and	  blocking	  MMP-­‐14	  blocks	  this	  increase	  supporting	  the	  notion	  that	  MMP-­‐14	  activates	  soluble	  MMPs,	  like	  MMP-­‐2,	  in	  response	  to	  changes	  in	  contractile	  state.	   Since	  MMP-­‐14	  appears	  to	  be	  the	  major	  contractility-­‐regulated	  MMP,	  modulating	  S-­‐MMP	  activity	  as	  well,	  we	  wanted	  to	  test	  if	  MMP-­‐14	  was	  also	  responsible	  for	  the	  increase	  in	  S-­‐MMP	  activity	  when	  ECM	  was	  crosslinked	  using	  transglutaminase.	  ECM	  crosslinking	  enhances	  the	  stiffness	  by	  immobilizing	  collagen	  fibers	  with	  respect	  to	  each	  other.	  The	  resulting	  ECM	  contains	  pores	  that	  cannot	  be	  opened	  by	  contractile	  force,	  requiring	  proteinase	  activity	  for	  cell	  migration	  through	  the	  ECM.	  DX-­‐2400	  treatment	  significantly	  lowered	  MT-­‐MMP	  activity	  on	  both	  uncrosslinked	  and	  crosslinked	  gels	  when	  compared	  to	  control	  (Fig	  3).	  In	  addition,	  DX-­‐2400	  treatment	  also	  inhibited	  S-­‐MMP	  activity	  on	  both	  uncrosslinked	  and	  crosslinked	  gels	  (Fig	  3).	  This	  evidence	  suggests	  that	  MMP-­‐14	  drives	  a	  secreted	  MMP	  activity	  response	  to	  highly	  cross-­‐linked	  ECM	  environments.	  	   The	  experiments	  above	  have	  only	  explored	  how	  MMP-­‐14	  regulates	  S-­‐MMP	  activity	  responses	  to	  changes	  in	  contractility,	  ECM	  concentration	  and	  degree	  of	  crosslinking	  in	  various	  2D	  environments.	  We	  were	  interested	  in	  the	  efficacy	  of	  DX-­‐2400	  to	  block	  cell	  migration.	  Previous	  work	  has	  shown	  that	  DX-­‐2400	  does	  block	  growth	  of	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MDA-­‐MB-­‐231	  orthotopic	  tumors	  and	  that	  siRNA	  knockdown	  of	  MMP-­‐14	  inhibits	  cell	  invasion	  into	  3D	  matrices	  [92,173].	  We	  were	  interested	  in	  determining	  if	  DX-­‐2400	  could	  block	  Panc-­‐1	  cell	  invasion	  under	  different	  contractility	  conditions.	  DX-­‐2400	  or	  pan-­‐inhibition	  of	  MMPs	  do	  not	  significantly	  affect	  Panc-­‐1	  cell	  spreading	  on	  absorbed	  collagen	  2D	  environments	  (data	  not	  shown).	  However,	  Panc-­‐1	  spheroids	  generated	  by	  the	  hanging	  drop	  technique	  and	  embedded	  in	  1	  mg/ml	  collagen	  gels	  did	  respond	  to	  DX-­‐2400	  treatment.	  Panc-­‐1	  spheroids	  were	  imaged	  after	  24	  hours	  in	  the	  collagen	  gels	  (Fig	  4)	  and	  the	  number	  of	  protrusions	  per	  spheroid	  edge	  length	  was	  quantified	  (Fig	  4B).	  Panc-­‐1	  cells	  under	  normal	  conditions	  had	  a	  moderate	  amount	  of	  single	  cells	  invading	  the	  surrounding	  ECM	  with	  various	  lengths	  of	  extensions	  (Fig	  4A).	  Extensions	  were	  almost	  completely	  absent	  with	  a	  pan-­‐MMP	  inhibitor,	  marimastat	  (Fig	  4B).	  In	  addition,	  many	  fewer	  of	  these	  invasive	  cells	  were	  found	  after	  treatment	  with	  DX-­‐2400,	  even	  at	  100-­‐fold	  lower	  concentrations	  than	  marimastat.	  We	  examined	  these	  extensions	  under	  decreased	  contractility	  conditions.	  With	  the	  addition	  of	  blebbistatin,	  many	  more	  Panc-­‐1	  cells	  extended	  protrusions,	  usually	  in	  connected	  groups	  with	  many	  extensions	  (Fig	  4D).	  DX-­‐2400	  treatment	  again	  decreased	  the	  extension	  density	  and	  groups	  of	  extensions	  no	  longer	  formed,	  however	  there	  were	  a	  few	  single	  cells	  extending	  into	  the	  matrix	  (Fig	  4A).	  Marimastat	  showed	  similar	  inhibition	  results	  at	  higher	  concentrations.	  Conversely,	  calyculin	  A	  treatment	  caused	  Panc-­‐1	  cells	  to	  round	  up	  with	  no	  protrusions	  (Fig	  4A).	  This	  response	  largely	  did	  not	  change	  with	  DX2400	  or	  marimastat	  treatment	  (Fig	  4B).	  This	  evidence	  indicates	  that	  both	  specifically	  blocking	  MMP-­‐14	  and	  generally	  blocking	  MMPs	  both	  decrease	  basal	  level	  invasiveness	  of	  Panc-­‐1	  cells,	  but	  DX-­‐2400	  can	  inhibit	  cell	  invasion	  at	  100-­‐fold	  lower	  concentrations	  than	  marimastat.	  The	  higher	  potency	  and	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specificity	  of	  this	  function	  blocking	  antibody	  make	  it	  an	  attractive	  therapeutic	  target.	  With	  the	  recent	  development	  of	  a	  high-­‐throughput	  proteinase	  screening	  approach	  [200],	  protein	  engineering	  techniques	  aimed	  at	  affinity	  maturing	  scFv	  antibodies	  for	  MMP-­‐14	  and	  other	  MMPs	  provide	  a	  reasonable	  approach	  for	  both	  developing	  tools	  to	  examine	  cancer	  cell	  biology	  as	  well	  as	  therapeutics	  that	  block	  invasion.	  Antibody	  inhibitor	  cocktails	  could	  be	  used	  in	  combination	  therapies	  with	  cytotoxic	  chemotherapeutic	  approaches	  for	  a	  wide	  range	  of	  cancer	  types	  including	  pancreatic	  cancer.	  
	   Here	  we	  employ	  a	  previously	  described	  MMP-­‐14	  function	  blocking	  antibody	  and	  quenched	  cleavage	  peptides	  to	  characterize	  MMP-­‐14’s	  role	  in	  the	  regulation	  of	  S-­‐MMPs	  through	  mechanical	  stimuli.	  The	  MMP-­‐14	  function	  blocking	  antibody,	  DX-­‐2400,	  inhibits	  MMP-­‐14	  activity	  in	  vitro	  and	  on	  cells	  at	  levels	  roughly	  10-­‐fold	  lower	  than	  marimastat,	  a	  pan-­‐MMP	  inhibitor.	  We	  then	  used	  this	  antibody	  to	  show	  that	  increases	  in	  secreted	  MMP	  activity	  with	  increased	  contractility	  are	  dependent	  on	  MMP-­‐14.	  By	  examining	  both	  supernatant	  and	  cell	  fractions,	  we	  were	  able	  to	  determine	  that	  the	  vast	  majority	  of	  S-­‐MMP	  activity	  regulation	  by	  mechanical	  inputs	  occurs	  in	  solution	  rather	  than	  at	  the	  cell	  surface.	  In	  addition,	  MMP-­‐14	  is	  involved	  in	  enhancing	  secreted	  MMP	  activity	  in	  response	  to	  enhanced	  crosslinked	  collagen	  gels.	  Finally,	  we	  demonstrated	  that	  DX-­‐2400	  was	  as	  efficient	  as	  marimastat	  at	  inhibiting	  cell	  extension	  from	  pancreatic	  tumor	  spheroids	  into	  a	  surrounding	  3D	  collagen	  gel	  network,	  even	  at	  100-­‐fold	  lower	  concentrations.	  The	  enhanced	  specificity	  and	  potency	  of	  MMP-­‐14	  function	  blocking	  antibodies	  makes	  them	  attractive	  therapeutic	  approaches	  for	  blocking	  invasion	  in	  a	  variety	  of	  cancers.	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Figure	  1:	  MMP-­‐14	  function	  blocking	  Ab	  blocks	  MT-­‐MMP	  activity	  at	  low	  concentrations	  (A)	  Activity	  of	  purified	  MMP-­‐14	  catalytic	  domain	  is	  measured	  with	  both	  S-­‐MMP	  and	  MT-­‐MMP	  quenched	  cleavage	  peptides	  at	  various	  concentrations	  of	  DX-­‐2400	  and	  marimastat.	  (B)	  S-­‐MMP	  and	  MT-­‐MMP	  activities	  are	  determined	  in	  intact	  Panc-­‐1	  cells	  during	  cell	  spreading	  onto	  0.1	  mg/ml	  absorbed	  collagen.	  S-­‐MMP	  is	  measured	  at	  high	  cell	  density,	  while	  MT-­‐MMP	  is	  measure	  at	  low	  cell	  density.	  Results	  are	  presented	  with	  95%	  confidence	  intervals	  with	  n	  ≥	  3.	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Figure	  2:	  MMP-­‐14	  mediates	  S-­‐MMP	  activity	  response	  to	  cellular	  contractility.	  (A-­‐C)	  S-­‐MMP	  and	  MT-­‐MMP	  activities	  are	  measuring	  in	  Panc-­‐1	  cells	  during	  active	  cell	  spreading	  on	  1	  mg/ml	  collagen	  gels	  (A),	  5	  mg/ml	  collagen	  gels	  (B),	  and	  0.1	  mg/ml	  absorbed	  collagen	  (C).	  S-­‐MMP	  is	  measured	  at	  high	  cell	  densities,	  while	  MT-­‐MMP	  is	  measured	  at	  low	  cell	  conditions.	  C	  is	  control	  condition,	  B	  is	  addition	  of	  10	  μM	  blebbistatin	  and	  CA	  is	  addition	  of	  100	  nM	  calyculin	  A.	  Beneath	  each	  graph	  indicates	  addition	  (+)	  or	  absence	  (-­‐)	  of	  100	  nM	  DX-­‐2400.	  (D)	  Diagram	  indicating	  the	  cell	  fraction	  (cell	  pellet)	  separated	  from	  the	  supernatant	  fraction.	  (E-­‐F)	  After	  cells	  were	  incubated	  in	  solution	  for	  60	  minutes	  with	  each	  drug	  treatment,	  they	  were	  centrifuged	  and	  the	  supernatant	  was	  collected	  and	  placed	  in	  wells	  coated	  with	  0.1	  mg/ml	  absorbed	  collagen.	  The	  cells	  were	  resuspended	  and	  plated	  into	  wells	  coated	  with	  0.1	  mg/ml	  absorbed	  collagen.	  Both	  S-­‐MMP	  and	  MT-­‐MMP	  is	  measured	  under	  high	  cell	  densities	  for	  the	  cell	  fraction.	  Results	  are	  presented	  with	  95%	  confidence	  intervals	  with	  n	  ≥	  3.	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Figure	  3:	  MMP-­‐14	  mediates	  S-­‐MMP	  response	  to	  ECM	  crosslinking	  MT-­‐MMP	  is	  measured	  under	  low	  cell	  density	  conditions	  and	  S-­‐MMP	  is	  measured	  under	  high	  cell	  density	  conditions.	  Transglutaminase	  was	  added	  to	  gels	  at	  50	  μg/ml	  and	  DX-­‐2400	  was	  added	  to	  cells	  at	  100	  nM.	  Results	  are	  presented	  with	  95%	  confidence	  intervals	  with	  n	  ≥	  3.	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Figure	  4:	  FB	  Abs	  effectively	  inhibit	  extension	  of	  Panc-­‐1	  cells	  into	  3D	  collagen	  matrices	  (A)	  Example	  images	  are	  shown	  of	  Panc-­‐1	  cells	  in	  1	  mg/ml	  hanging	  drop	  gels.	  Drug	  treatments	  were	  as	  follows:	  DX-­‐2400	  100	  nM,	  marimastat	  10	  μM,	  blebbistatin	  10	  
92	  
	  
μM,	  calyculin	  A	  100	  pM.	  Inset	  locations	  are	  indicated	  with	  white	  boarder.	  (B)	  The	  number	  of	  cell	  protrusions	  was	  determined	  per	  cell	  edge	  length	  for	  all	  conditions	  presented	  above.	  Four	  images	  of	  each	  drop	  were	  taken	  and	  quantified	  for	  at	  least	  three	  gels	  for	  each	  condition.	  Results	  are	  presented	  with	  95%	  confidence	  intervals.	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CHAPTER	  5:	  CORRELATION	  BETWEEN	  GLOBAL	  AND	  LOCAL	  MMP	  ACTIVITY	  	  
Amanda	  Haage,	  Jacob	  Nuhn,	  and	  Ian	  C.	  Schneider	  
Abstract	  
	   Matrix	  metalloproteinases	  (MMPs)	  remain	  a	  primary	  target	  for	  cancer	  metastasis	  research.	  They	  are	  specifically	  important	  in	  crossing	  basement	  membranes,	  allowing	  cancer	  cells	  to	  infiltrate	  the	  body.	  This	  process	  occurs	  early	  in	  pancreatic	  cancer,	  allowing	  for	  it’s	  heightened	  mortality	  compared	  to	  other	  cancer	  sub-­‐types.	  Though	  MMPs	  have	  been	  targets	  for	  decades,	  little	  remains	  known	  about	  their	  precise,	  yet	  complex	  spatiotemporal	  regulation.	  One	  area	  of	  regulation	  gaining	  momentum	  is	  their	  sub-­‐cellular	  localization,	  specifically	  membrane-­‐tethered	  MMP	  (MT1-­‐MMP)	  activity	  in	  invadopodia.	  Invadopodia	  structures	  are	  used	  by	  highly	  invasive	  cancer	  cells	  to	  cross	  basement	  membranes	  and	  possibly	  degrade	  collagen	  networks.	  Here	  we	  correlate	  bulk	  MMP	  activity	  measurements	  to	  invadopodia-­‐mediated	  degradation	  of	  extracellular	  matrix	  (ECM)	  under	  a	  variety	  of	  conditions.	  We	  demonstrate	  that	  bulk	  MMP	  activity	  does	  not	  always	  correlate	  with	  invadopodia-­‐mediated	  ECM	  degradation,	  specifically	  under	  different	  serum	  and	  growth	  factor	  stimulations,	  but	  both	  are	  dependent	  upon	  vesicle	  trafficking	  and	  cellular	  contractility.	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Introduction	  
	   Pancreatic	  cancer	  remains	  a	  rare,	  but	  deadly	  form	  of	  malignancy.	  It’s	  high	  mortality	  rate	  is	  attributed	  to	  it’s	  often	  early	  and	  aggressive	  metastatic	  nature	  [132].	  Once	  cancer	  cells	  have	  metastasized	  there	  are	  few	  treatment	  options,	  so	  it	  remains	  vital	  for	  ongoing	  research	  to	  understand	  the	  process	  of	  cancer	  cell	  spreading	  and	  migration	  [3].	  Central	  to	  this	  process	  is	  the	  degradation	  of	  the	  extracellular	  matrix	  (ECM),	  allowing	  cell	  invasion	  both	  locally	  and	  throughout	  the	  body	  [206,207].	  	  	   ECM	  degradation	  is	  primarily	  achieved	  through	  matrix	  metalloproteinase	  (MMPs)	  activity.	  MMPs	  are	  a	  family	  of	  enzymes	  with	  varying	  specificities	  for	  ECM	  proteins.	  There	  are	  two	  major	  types:	  secreted	  MMPs	  (S-­‐MMPs)	  and	  membrane	  tethered	  MMPs	  (MT-­‐MMPs)	  [13].	  Each	  MMP	  has	  a	  specific,	  but	  often	  cooperative	  role	  in	  cancer	  progression.	  S-­‐MMPs,	  such	  as	  MMP-­‐2	  and	  MMP-­‐9,	  are	  secreted	  into	  the	  ECM	  to	  provide	  diffuse	  degradation	  capabilities	  while	  MT-­‐MMPs,	  such	  as	  MT1-­‐MMP,	  can	  be	  sub-­‐cellularly	  localized	  for	  specific	  degradative	  tasks.	  Once	  MT1-­‐MMP	  cleaves	  collagen	  fibers	  at	  these	  local	  sites,	  S-­‐MMPs	  can	  be	  used	  to	  fully	  degrade	  the	  ECM	  [26].	  MT1-­‐MMP	  has	  been	  shown	  to	  be	  localized	  to	  and	  degrade	  ECM	  at	  focal	  adhesions,	  protein	  complexes	  that	  link	  the	  ECM	  to	  the	  cellular	  cytoskeleton	  and	  are	  often	  found	  in	  highly	  adherent,	  cells	  migrating	  on	  2D	  surfaces[21].	  However,	  MT1-­‐MMP	  is	  traditionally	  thought	  to	  act	  not	  through	  focal	  adhesions,	  but	  rather	  structures	  called	  invadopodia	  that	  degrade	  ECM	  [198].	  	   Invadopodia	  are	  specialized	  F-­‐actin	  rich	  membrane	  protrusions	  induced	  by	  growth	  factor	  stimulation	  that	  localize	  a	  variety	  of	  cellular	  functions	  necessary	  for	  invasion.	  They	  act	  as	  signaling	  hubs	  that	  have	  high	  tyrosine	  protein	  kinase	  activity	  for	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promoting	  actin	  polymerization.	  	  They	  adhere	  cells	  to	  the	  ECM	  via	  β1	  integrins,	  allowing	  for	  ECM	  properties	  to	  modulate	  cellular	  behavior	  through	  the	  cytoskeleton	  [9,208,209,210].	  	  ECM	  rigidity	  and	  resulting	  traction	  forces	  have	  been	  shown	  to	  regulate	  invadopodia	  activity	  in	  cancer	  cells	  [50,51,211,212].	  	  Changes	  in	  cellular	  contractility	  also	  have	  been	  demonstrated	  to	  separately	  regulate	  invadopodia	  activity	  [50,211,213].	  	  Similarly,	  these	  physical	  ECM	  properties	  and	  cellular	  contractility	  responses	  have	  recently	  been	  shown	  to	  regulate	  MMP	  activity	  [93,133].	  Another	  important	  point	  of	  regulation	  for	  invadopodia	  degradation	  and	  MMP	  activity	  is	  vesicle	  trafficking.	  	  MT1-­‐MMP	  is	  transported	  via	  vesicles	  out	  to	  the	  plasma	  membrane	  to	  enrich	  it’s	  concentration	  at	  different	  locations	  [214].	  Endocytic	  machinery	  is	  used	  to	  recycle	  MT1-­‐MMP	  from	  the	  surface,	  additionally	  regulating	  activity	  [215].	  Specific	  mechanisms	  are	  beginning	  to	  be	  identified	  for	  targeting	  MT1-­‐MMP	  to	  invadopodia,	  regulating	  invadopodia	  formation	  and	  degradation	  of	  ECM	  [216,217,218].	  	  S-­‐MMPs	  like	  MMP-­‐2	  and	  MMP-­‐9	  have	  also	  been	  identified	  as	  having	  specific	  targeting	  mechanisms	  to	  invadopodia,	  but	  their	  activities	  as	  invadopodia	  sites	  remain	  largely	  unstudied	  [219].	  While	  MT1-­‐MMP	  is	  known	  to	  be	  required	  for	  invadopodia	  degradation,	  a	  correlation	  between	  local	  invadopodia	  degradation	  and	  global	  MMP	  activity	  has	  not	  been	  directly	  measured	  [51,211].	  	  Many	  groups	  have	  looked	  at	  ECM	  degradation	  at	  invadopodia	  as	  a	  measure	  of	  MMP	  activity,	  but	  this	  does	  not	  measure	  MMP	  activity	  directly	  or	  specifically	  in	  regards	  to	  the	  actions	  of	  individual	  MMPs.	  	  Specific	  sub-­‐cellular	  individual	  MMP	  activity	  measurements	  are	  not	  easily	  made,	  but	  here	  we	  have	  studied	  global	  MMP	  activities	  specific	  for	  S-­‐MMPs	  or	  MT-­‐MMPs.	  We	  can	  then	  correlate	  these	  global	  activity	  measurements	  to	  invadopodia	  activities	  and	  ECM	  degradation	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under	  similar	  conditions.	  This	  gives	  us	  insight	  into	  whether	  localized	  MMP	  degradation	  activities	  are	  similarly	  regulated	  as	  global	  MMP	  activities	  under	  various	  conditions.	  	  
Materials	  &	  Methods	  
Cell	  Culture	  Human	  pancreatic	  cancer	  cells	  Panc-­‐1,	  BxPC-­‐1	  and	  AsPC-­‐1	  (ATCC)	  were	  used	  for	  all	  experiments	  as	  indicated.	  Panc-­‐1	  cultures	  were	  maintained	  using	  DMEM	  with	  phenol	  red	  +	  10%	  FBS,	  2%	  GlutaMAX,	  and	  1%	  penicillin/streptomycin.	  BxPC-­‐1	  and	  AsPC-­‐1	  cultures	  were	  maintained	  using	  RPMI	  with	  L-­‐glutamine	  and	  phenol	  red	  +	  10%	  FBS	  and	  1%	  penicillin/streptomycin.	  	  
ECM	  Conditions	  Absorbed	  coatings	  were	  diluted	  to	  0.1	  mg/ml	  in	  0.5	  M	  acetic	  acid,	  nanopure	  water	  and	  phosphate-­‐buffered	  saline	  (PBS)	  lacking	  Ca2+	  and	  Mg2+	  (Sigma	  Aldrich)	  for	  rat-­‐tail	  collagen	  type	  I	  (Life	  Technologies),	  fibronectin	  (Millipore)	  and	  matrigel	  (Sigma	  Aldrich),	  respectively.	  The	  96-­‐well	  high-­‐binding	  plate	  was	  incubated	  in	  the	  dark	  at	  37	  °C	  for	  collagen	  and	  fibronectin	  and	  on	  ice	  for	  matrigel	  for	  90	  minutes.	  Each	  well	  was	  washed	  twice	  with	  PBS	  lacking	  Ca2+	  and	  Mg2+	  before	  plating	  cells.	  
Drug	  Treatments	  	   Cells	  were	  treated	  with	  the	  following	  growth	  factors	  or	  drugs:	  EGF	  (Peprotech),	  SDF-­‐1	  (Peptrotech),	  Brefildin	  A	  (Enzo	  Life	  Sciences),	  Dynasore	  (Calbiochem),	  and	  Marimastat	  (Sigma	  Aldrich)	  at	  10nM,	  300ng/ml,	  45μM,	  50μM,	  and	  10μM	  respectively.	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MMP	  Activity	  Assays	  in	  Cells	  MMP	  activity	  was	  measured	  as	  elsewhere	  [133].	  Cells	  were	  harvested	  and	  suspended	  in	  serum-­‐free	  media	  or	  media	  supplemented	  with	  10%	  FBS	  with	  or	  without	  drug	  treatments	  for	  1	  hour	  and	  transferred	  to	  a	  high-­‐binding	  96-­‐well	  dish.	  10µM	  of	  S-­‐MMP	  (Mca-­‐PLGL-­‐Dpa-­‐AR-­‐NH2,	  R	  &	  D	  Systems,	  ES001)	  or	  MT-­‐MMP	  (Mca-­‐PLA-­‐C(OMeBz)-­‐WAR(Dpa)-­‐NH2,	  Calbiochem,	  444528)	  quenched	  fluorescent	  cleavage	  peptide	  was	  added	  three	  hours	  post	  plating	  [81,82].	  Fluorescence	  of	  the	  sample	  and	  background	  was	  excited	  at	  320	  nm	  and	  collected	  at	  405	  nm	  over	  one	  hour	  using	  a	  BioTech	  SynergyMx	  micro	  plate-­‐reader.	  The	  slope	  of	  the	  background-­‐subtracted	  fluorescence	  over	  this	  hour	  was	  used	  as	  a	  measure	  of	  MMP	  enzymatic	  activity	  and	  was	  normalized	  by	  the	  cell	  number	  to	  generate	  an	  MMP	  activity	  per	  cell.	  
Invadopodia	  Coverslips	  &	  Cell	  Fixation	  	   Invadopodia	  coverslips	  were	  created	  as	  previously	  described.	  Briefly,	  glass	  coverslips	  were	  spin	  coated	  with	  2.5%	  unlabeled	  gelatin	  (Sigma	  Aldrich)	  at	  100	  volts	  for	  10	  seconds.	  They	  were	  then	  allowed	  to	  air	  dry	  for	  60	  minutes.	  After	  drying	  coverslips	  were	  cross-­‐linked	  with	  0.5%	  gluteraldehyde	  (Electron	  Microscope	  Sciences)	  for	  10	  minutes	  on	  ice	  followed	  by	  30	  minutes	  at	  room	  temperature.	  Coverslips	  were	  then	  washed	  3	  times	  for	  5	  minutes	  each	  with	  PBS	  lacking	  Ca2+	  and	  Mg2+.	  .	  They	  were	  then	  incubated	  on	  Alex	  Flour	  555	  labeled	  fibronectin	  drops	  at	  0.05	  mg/ml	  for	  60	  minutes	  in	  the	  dark	  at	  room	  temperature.	  Coverslips	  were	  again	  washed	  2	  times	  with	  PBS	  lacking	  Ca2+	  and	  Mg2+	  before	  plating	  cells	  at	  100,000	  cells	  per	  35	  mm	  tissue	  culture	  dish	  containing	  the	  coverslip.	  Cells	  were	  incubated	  for	  3	  hours	  at	  37°C	  5%	  CO2	  before	  addition	  of	  drug	  treatments.	  After	  adding	  drug	  treatments,	  cells	  were	  incubated	  for	  an	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additional	  15	  hours	  at	  37°C	  5%	  CO2.	  They	  were	  then	  fixed	  using	  a	  previously	  describe	  protocol	  [7].	  Anti-­‐Cortactin	  (Millipore)	  and	  Cy5	  donkey	  anti-­‐mouse	  (Jackson	  ImmunoResearch)	  were	  used	  at	  a	  1:400	  dilution.	  	  
Invadopodia	  Data	  Analysis	  	   Images	  were	  taken	  using	  a	  Nikon	  Ti-­‐E	  with	  a	  60x	  (NA	  =	  1.49)	  objective.	  10	  images	  were	  taken	  per	  condition	  and	  cells	  were	  chosen	  at	  random	  via	  differential	  interference	  contrast	  (DIC).	  A	  DIC,	  Alexa	  Flour	  555	  ad	  a	  Cy5	  image	  was	  taken	  of	  each	  image	  location.	  Image	  analysis	  was	  performed	  using	  ImageJ.	  Degradation	  spots	  were	  selected	  by	  Alexa	  Flour	  555	  labeled	  fibronectin	  fluorescence	  at	  least	  one	  standard	  deviation	  below	  the	  whole	  cell	  average	  and	  that	  were	  fully	  contained	  within	  the	  cell	  area.	  Invadopodia	  spots	  were	  selected	  by	  co-­‐localization	  of	  degradation	  spots	  and	  Cy5	  fluorescence	  at	  least	  one	  standard	  deviation	  above	  the	  whole	  cell	  average	  (indicating	  increased	  Cortactin	  staining).	  Whole	  cell	  average	  intensities	  of	  Alexa	  Flour	  555	  labeled	  fibronectin	  were	  also	  taken	  and	  subtracted	  from	  the	  average	  background	  intensity.	  A	  higher	  difference	  indicates	  less	  fibronectin	  and	  more	  degradation.	  Lastly,	  area	  analysis	  was	  completed.	  The	  areas	  of	  all	  degradative	  spots	  per	  cell	  were	  added	  and	  were	  analyzed	  as	  a	  fraction	  of	  the	  whole	  cell	  area.	  Increased	  degradative	  spot	  area	  over	  cell	  cells	  demonstrates	  increased	  degradation.	  Approximately	  30	  cells	  were	  analyzed	  for	  each	  condition	  with	  one	  coverslip	  per	  condition.	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Results	  
Serum	  &	  Growth	  Factors	  Regulate	  Bulk	  MMP	  Activity	  and	  Invadopodia	  Activity	  Differently	  	   Serum	  supplemented	  media	  is	  often	  used	  in	  invadopodia	  assays	  with	  or	  without	  some	  kind	  of	  growth	  factor	  stimulation.	  Growth	  factors	  known	  to	  stimulate	  invadopodia	  activity	  in	  a	  variety	  of	  cancer	  cells	  include,	  EGF,	  SDF-­‐1α,	  transforming	  growth	  factor	  beta	  (TGF-­‐β),	  hepatocyte	  growth	  factor	  (HGF),	  and	  vascular	  endothelial	  growth	  factor	  (VEGF)	  [220].	  	  Many	  of	  these	  growth	  factors	  have	  also	  been	  shown	  to	  modulate	  MT1-­‐MMP	  expression	  [42,64,71,72,73,162].	  Though	  FBS	  and	  these	  growth	  factors	  have	  been	  identified	  as	  both	  invadopodia	  and	  MT1-­‐MMP	  inducers,	  a	  systematic	  study	  of	  their	  activities	  has	  not	  been	  completed	  in	  multiple	  cell	  lines	  of	  the	  same	  cancer.	  Here	  we	  studied	  three	  pancreatic	  cancer	  cells	  lines	  of	  progressive	  invasiveness:	  BXPC-­‐1,	  Panc-­‐1	  and	  AsPC-­‐1.	  	  These	  invadopodia	  activity	  results	  were	  then	  compared	  to	  the	  bulk	  activity	  changes	  observed	  in	  MT-­‐MMP	  activity	  under	  serum	  supplementation	  and	  growth	  factor	  stimulation.	  	  Invadopodia	  activity	  or	  ECM	  degrading	  activity	  was	  analyzed	  in	  four	  separate	  ways	  under	  each	  condition.	  First	  the	  degradative	  spots	  were	  identified;	  these	  were	  identified	  as	  being	  one	  standard	  deviation	  lower	  than	  the	  whole	  cell	  average	  fibronectin	  intensity.	  The	  cortactin	  intensity	  was	  then	  measured	  at	  these	  degradative	  spots.	  Invadopodia	  were	  distinguished	  as	  spots	  with	  both	  lowered	  fibronectin	  intensity	  and	  a	  Cortactin	  intensity	  of	  one	  standard	  deviation	  higher	  than	  the	  whole	  cell	  average	  (Fig	  1A).	  The	  percentage	  of	  cells	  displaying	  degradative	  spots	  (Fig	  1B)	  and	  invadopodia	  spots	  (Fig	  1C)	  was	  then	  calculated	  (please	  make	  sure	  this	  description	  is	  correct.	  	  Is	  is	  the	  percentage	  of	  the	  cell	  or	  percentage	  of	  cells).	  Because	  some	  of	  the	  conditions	  affect	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cell	  spreading,	  creating	  more	  or	  less	  surface	  area	  for	  the	  cell	  to	  interact	  with	  the	  ECM,	  the	  area	  fraction	  of	  degradation	  for	  each	  cell	  area	  was	  also	  measured	  (Fig	  1D&E).	  Finally,	  some	  of	  cells	  formed	  either	  a	  multitude	  of	  invadopodia	  or	  diffusely	  degraded	  the	  ECM,	  to	  the	  point	  which	  individual	  degradative	  spots	  could	  not	  be	  identified.	  To	  analyze	  these	  cells	  the	  average	  fibronectin	  intensity	  of	  the	  whole	  cell	  was	  subtracted	  by	  the	  background	  intensity	  for	  each	  sample.	  A	  higher	  value	  here	  indicates	  less	  fibronectin	  and	  more	  degradation.	  	   These	  four	  invadopodia	  measurements	  allowed	  us	  to	  effectively	  analyze	  invadopodia	  activity	  in	  cells	  with	  or	  without	  serum	  supplemented	  media.	  Though	  the	  error	  bars	  remain	  insignificant,	  thought	  to	  be	  due	  to	  a	  low	  sample	  number	  (approximately	  30	  cells	  per	  condition),	  trends	  in	  invadopodia	  activity	  can	  be	  discerned.	  In	  general,	  FBS	  stimulated	  the	  presence	  of	  invadopodia	  and	  degradative	  spots	  (Fig	  1B&C).	  It	  also	  increased	  the	  fraction	  of	  cell-­‐ECM	  area	  that	  was	  degraded	  and	  lowered	  the	  amount	  of	  fibronectin	  visualized	  under	  the	  cell	  (Fig	  1E-­‐G).	  Contrary	  to	  invadopodia	  activity,	  bulk	  MT-­‐MMP	  activity	  was	  found	  to	  decrease	  with	  FBS	  media	  supplementation	  in	  the	  invasive	  cell	  lines,	  Panc-­‐1	  and	  AsPC-­‐1,	  when	  cells	  were	  plated	  on	  collagen	  I	  (Fig	  2).	  Bulk	  S-­‐MMP	  activity	  was	  also	  reduced	  in	  these	  two	  cell	  lines	  with	  FBS	  supplementation,	  but	  to	  a	  lesser	  degree	  (Fig	  S1A).	  This	  response	  was	  mostly	  consistent	  across	  different	  ECM	  coatings	  including,	  high-­‐binding	  plastic,	  fibronectin,	  and	  both	  regular	  and	  growth	  factor	  reduced	  matrigel	  (Fig	  S1B&C).	  In	  general,	  both	  concentration	  and	  type	  of	  ECM	  coating	  had	  no	  effect	  on	  bulk	  S-­‐MMP	  or	  MT-­‐MMP	  activity	  (Fig	  S2).	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   While	  growth	  factors	  have	  been	  shown	  to	  alter	  MMP	  expression,	  little	  work	  has	  been	  completed	  on	  studying	  MMP	  activity	  under	  growth	  factor	  stimulation.	  Activity	  remains	  the	  more	  biologically	  relevant	  measure	  as	  MMPs	  are	  post-­‐transnationally	  activated	  and	  increased	  expression	  does	  not	  always	  equate	  increased	  activities	  [78].	  Here	  we	  show	  that	  both	  EGF	  and	  SDF-­‐1α	  have	  different	  effects	  on	  MMP	  activities	  and	  invadopodia-­‐mediated	  degradation.	  In	  addition,	  these	  effects	  differ	  depending	  on	  media	  serum	  supplementation	  and	  the	  invasiveness	  of	  the	  cell	  line.	  MT-­‐MMP	  activity	  in	  BXPC-­‐1	  cells	  plated	  on	  collagen	  I	  is	  increased	  without	  serum	  stimulated	  with	  SDF-­‐1α,	  and	  a	  lesser	  degree	  with	  EGF.	  This	  trend	  remains	  consistent	  with	  FBS	  media.	  Conversely,	  MT-­‐MMP	  activity	  in	  the	  more	  invasive	  cells	  lines	  is	  decreased	  with	  both	  EGF	  &	  SDF-­‐1α	  stimulation	  in	  serum-­‐free	  media.	  This	  tend	  is	  lost	  when	  serum	  is	  added	  to	  the	  media,	  with	  MT-­‐MMP	  activity	  remaining	  low	  (Fig	  3A).	  	  S-­‐MMP	  activity	  under	  these	  conditions	  does	  not	  change	  for	  any	  cell	  line	  (Fig	  S3A).	  These	  trends	  are	  consistent	  on	  high-­‐binding	  plastic	  and	  fibronectin,	  but	  any	  change	  induced	  by	  growth	  factor	  stimulation	  is	  lost	  on	  both	  regular	  and	  growth	  factor	  reduced	  matrigel	  coatings	  (Fig	  S3B).	  Under	  growth	  factor	  stimulation,	  invadopodia	  activity	  does	  generally	  correlate	  with	  bulk	  MMP	  activity.	  Though	  both	  of	  the	  more	  invasive	  cells	  lines	  appear	  to	  have	  less	  invadopodia	  on	  the	  whole,	  the	  percent	  of	  Panc-­‐1	  cells	  with	  degradative	  and	  invadopodia	  spots	  does	  appear	  to	  increase	  with	  addition	  of	  EGF	  and	  SDF-­‐1α.	  (Fig	  3B&C).	  	  It	  also	  appears	  that	  growth	  factor	  stimulation	  diminishes	  the	  difference	  between	  background	  and	  cell	  fibronectin	  values	  for	  each	  cell	  line,	  indicating	  more	  fibronectin	  remains	  under	  the	  cell	  (Fig	  3E).	  This	  could	  signify	  that	  growth	  factors	  reduce	  MMP	  activities	  used	  for	  more	  diffuse	  ECM	  degradation,	  a	  possibly	  higher	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fraction	  of	  activity	  than	  invadopodia	  activity,	  demonstrating	  a	  correlation	  with	  the	  bulk	  MMP	  activities.	  	  
Bulk	  MMP	  &	  Invadopodia	  Activities	  have	  Similar	  Requirements	  for	  Vesicle	  Trafficking	  	   It	  is	  thought	  that	  both	  exocytosis	  and	  endocytosis	  machinery	  is	  required	  for	  ECM	  degradation	  at	  invadopodia,	  but	  these	  studies	  were	  completed	  under	  a	  variety	  of	  media	  conditions	  [216,217].	  Since	  most	  groups	  use	  growth	  factor	  stimulation	  and	  serum	  supplementation	  in	  invadopodia	  assays,	  most	  of	  what	  is	  known	  about	  invadopodia	  are	  under	  these	  conditions.	  Additionally	  MMP	  localization	  has	  been	  shown	  to	  be	  dependent	  upon	  vesicle	  trafficking,	  but	  direct	  measurements	  of	  MMP	  activity	  dependence	  on	  transport	  is	  lacking	  [214,215].	  Here	  we	  wanted	  to	  see	  if	  vesicle	  trafficking	  is	  required	  for	  invadopodia	  formation	  in	  pancreatic	  cancer	  cells	  and	  if	  invadopodia	  activity	  correlates	  with	  bulk	  MMP	  activities	  under	  trafficking	  restricting	  conditions.	  	  	   We	  utilized	  two	  drug	  treatments	  to	  disrupt	  vesicle	  trafficking,	  Brefildin	  A	  (BA),	  a	  fungal	  derivative	  that	  disrupts	  vesicle	  transport	  between	  the	  endoplasmic	  reticulum	  and	  the	  Golgi,	  and	  dynasore,	  a	  small	  molecule	  inhibitor	  of	  clathrin-­‐coated	  vesicle	  endocytosis.	  In	  both	  serum	  supplemented	  and	  serum-­‐free	  media	  dynasore	  inhibited	  MT-­‐MMP	  activity	  in	  each	  cell	  line.	  Brefildin	  A	  was	  more	  inconsistent,	  but	  did	  decrease	  MT-­‐MMP	  activity	  in	  Panc-­‐1	  and	  AsPC-­‐1	  cell	  lines	  in	  serum-­‐free	  media	  (Fig	  4A).	  This	  trend	  was	  consistent,	  but	  to	  a	  lesser	  degree	  seen	  in	  S-­‐MMP	  activities	  (Fig	  S4A).	  Additionally,	  these	  tendencies	  were	  consistent	  across	  different	  ECM	  protein	  coatings	  (Fig	  S4B&C).	  	  Invadopodia	  activity	  was	  more	  robustly	  influenced	  by	  inhibiting	  cellular	  trafficking	  when	  compared	  to	  bulk	  MMP	  activities.	  Both	  Brefildin	  A	  and	  dynasore	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decreased	  degradative	  and	  invadopodia	  cell	  percentages	  and	  the	  degradative	  spot	  fraction	  of	  the	  cell-­‐ECM	  area	  in	  both	  BxPC-­‐1	  and	  Panc-­‐1	  cells	  (Fig	  4B-­‐D).	  	  All	  cell	  lines	  showed	  a	  decrease	  in	  the	  differences	  observed	  between	  background	  and	  cell	  fibronectin	  values,	  demonstrating	  a	  decrease	  in	  all	  types	  of	  ECM	  degrading	  activities	  (Fig	  4E).	  
Contractility	  Inhibition	  Decreases	  Invadopodia	  Formation	  	   Lastly,	  we	  have	  previously	  characterized	  the	  important	  modulation	  of	  bulk	  MMP	  activities	  by	  cellular	  contractility	  in	  pancreatic	  cancer	  cells	  [93,133].	  There	  is	  also	  considerable	  evidence	  that	  invadopodia	  activity	  is	  regulated	  by	  contractility,	  but	  not	  in	  pancreatic	  cancer	  cells	  and	  not	  without	  additional	  EGF	  stimulation.	  	  Here	  we	  aimed	  to	  correlate	  our	  previous	  findings	  with	  changes	  in	  invadopodia	  activity.	  	   We	  employed	  two	  contractility	  drug	  treatments,	  Blebbistatin	  as	  a	  contractility	  inhibitor	  that	  interferes	  with	  myosin-­‐II	  activity,	  and	  low	  doses	  of	  Calyculin	  A	  as	  a	  contractility	  enhancer,	  a	  phosphatase	  inhibitor.	  These	  drug	  treatments	  seemed	  to	  elicit	  the	  most	  variable	  responses	  in	  invadopodia	  activity.	  No	  trends	  can	  be	  discerned	  for	  the	  invasive	  cell	  lines,	  Panc-­‐1	  and	  AsPC-­‐1.	  I	  assume	  this	  is	  due	  to	  low	  sample	  number.	  More	  interestingly,	  the	  BxPC-­‐1	  cells	  under	  FBS	  supplementation	  did	  correlate	  invadopodia	  activity	  trends	  and	  the	  bulk	  MMP	  activity	  trends	  previously	  shown.	  A	  lower	  percent	  of	  BxPC-­‐1	  cells	  showed	  degradative	  and	  invadopodia	  spots	  with	  blebbistatin	  treatment	  (Fig	  5	  A&B).	  	  The	  degradative	  spot	  area	  was	  also	  a	  significantly	  smaller	  fraction	  of	  the	  cell-­‐ECM	  area	  than	  the	  control	  (Fig	  5C).	  Calyculin	  A	  treatment	  did	  not	  appear	  to	  increase	  invadopodia	  activity	  with	  any	  of	  these	  analysis	  conditions.	  This	  could	  be	  due	  to	  a	  significant	  decrease	  in	  cell	  spreading	  in	  this	  condition,	  or	  the	  stiffness	  of	  the	  ECM.	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Future	  Work	  
	   Here	  we	  begin	  a	  study	  of	  comparing	  the	  microenvironmental	  regulators	  of	  global	  MMP	  activities	  and	  localized	  ECM	  degrading	  MMP	  activities.	  Thus	  far,	  invadopodia	  and	  bulk	  MMP	  activities	  can	  be	  correlated	  or	  anti-­‐correlated,	  depending	  on	  the	  condition.	  More	  work	  will	  be	  needed	  to	  fully	  elucidate	  the	  relationship	  between	  these	  two	  types	  of	  MMP	  activity	  measurement	  and	  how	  they	  are	  regulated	  by	  serum	  supplemented	  media,	  growth	  factor	  stimulation,	  vesicle	  trafficking	  and	  cellular	  contractility.	  This	  study	  may	  be	  completed	  by	  more	  invadopodia	  assay	  replicates	  to	  bring	  more	  significance	  to	  our	  data	  and	  by	  exploring	  other	  localized	  ECM	  degrading	  structures.	  Again,	  MT1-­‐MMP	  has	  been	  shown	  to	  be	  localized	  and	  degrade	  the	  ECM	  at	  focal	  adhesion	  structures.	  It	  would	  be	  of	  interest	  to	  explore	  the	  relationship	  between	  the	  ECM	  degradation	  at	  focal	  adhesions	  and	  global	  MMP	  activity	  under	  the	  microenvironment	  conditions	  listed	  above.	  	  It	  would	  also	  be	  advantageous	  to	  this	  study	  to	  complete	  live	  cell	  imaging	  to	  discern	  if	  the	  diffuse	  ECM	  degradation	  seen	  in	  the	  more	  invasive	  cells	  contains	  MT1-­‐MMP,	  additional	  ECM	  degradation	  at	  focal	  adhesion,	  or	  some	  other	  mechanism	  (think	  about	  this	  sentence).	  Ultimately,	  to	  complete	  this	  study,	  visualization	  of	  MT1-­‐MMP	  at	  both	  invadopodia	  and	  focal	  adhesion	  structures	  is	  necessary.	  Here	  MT1-­‐MMP	  green	  fluorescent	  protein	  (GFP)	  constructs	  with	  be	  transfected	  into	  cells.	  This	  will	  allow	  for	  the	  direct	  observation	  of	  MT1-­‐MMP	  subcellular	  localization.	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Figure	  1:	  Analysis	  of	  Invadopodia	  Activity	  Regulated	  by	  Serum	  Supplementation	  	   (A)	  Pictured	  is	  a	  BxPC-­‐1	  cell	  plated	  and	  fixed	  on	  an	  invadopodia	  assay	  coverslip	  as	  described	  above,	  imaged	  with	  DIC.	  To	  the	  side	  is	  the	  corresponding	  fluorescent	  channels	  depicting	  fibronectin	  (top)	  and	  cortactin	  (bottom).	  The	  white	  arrow	  indicates	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an	  invadopodia	  spot	  and	  the	  checkered	  arrow	  indicates	  a	  degradation	  spot,	  criteria	  described	  above.	  (B)	  Percent	  of	  cells	  displaying	  degradation	  spots	  and	  (C)	  invadopodia	  spots	  with	  and	  without	  10%	  FBS	  supplemented	  media.	  	  (D)	  Pictured	  is	  a	  Panc-­‐1	  cell	  plated	  and	  fixed	  on	  an	  invadopodia	  assay	  coverslip	  imaged	  with	  DIC.	  To	  the	  side	  is	  the	  corresponding	  fluorescent	  channels	  depicting	  fibronectin	  (top)	  and	  Cortactin	  (bottom).	  Checkered	  arrows	  indicate	  degradation	  spots	  with	  areas	  to	  be	  summed	  for	  sum	  spot	  area	  as	  a	  fraction	  of	  cell	  area.	  (E)	  Degradation	  spots’	  area	  for	  each	  cell	  are	  added	  and	  divided	  by	  the	  whole	  cell	  area.	  Area	  fraction	  is	  depicted	  with	  and	  without	  10%	  FBS	  supplemented	  media.	  (F)	  Picture	  is	  an	  AsPC-­‐1	  cell	  plated	  and	  fixed	  on	  an	  invadopodia	  assay	  coverslip	  imaged	  with	  DIC.	  To	  the	  side	  is	  the	  corresponding	  fluorescent	  channel	  depicting	  cell	  fibronectin	  (top)	  and	  background	  fibronectin	  (bottom).	  The	  cell	  outline	  is	  shown	  in	  dashed	  lines.	  (G)	  The	  cell	  is	  outlined	  and	  the	  mean	  fluorescent	  intensity	  of	  the	  fibronectin	  is	  measured	  for	  the	  cell	  and	  background.	  The	  cell	  value	  is	  then	  subtracted	  from	  the	  background.	  The	  difference	  is	  shown	  with	  and	  without	  10%	  FBS.	  All	  error	  bars	  represent	  95%	  confidence	  intervals.	  (*)	  Represents	  absent	  condition	  AsPC	  10%	  FBS.	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Figure	  2:	  MT-­‐MMP	  Activity	  Regulation	  by	  Serum	  Supplementation	  	   MT-­‐MMP	  activity	  is	  shown	  for	  the	  first	  hour	  of	  measurement	  after	  cells	  have	  been	  plated	  for	  3	  hours.	  10	  %	  FBS	  condition	  is	  shown	  in	  shaded	  bars.	  Error	  bars	  represent	  95%	  confidence	  intervals.	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Figure	  3:	  Growth	  Factor	  Stimulation	  Regulates	  Bulk	  MMP	  Activity	  and	  Invadopodia	  
Activity	  Differently	  
	  	   Cells	  are	  stimulated	  with	  10	  nM	  and	  300	  ng/ml	  EGF	  and	  SDF-­‐1α	  respectively.	  (A)	  MT-­‐MMP	  activity	  is	  shown	  for	  cells	  measured	  3	  hours	  post-­‐plating.	  Cells	  are	  in	  presence	  of	  growth	  factors	  for	  4	  hours	  total	  (1hr	  suspension	  +	  3hr	  plating)	  before	  measurement.	  (B)	  Percent	  of	  cells	  showing	  degradative	  spots.	  (C)	  Percent	  of	  cells	  showing	  invadopodia	  spots.	  (D)	  Fraction	  of	  degradation	  spot	  area	  of	  whole	  cell	  area.	  (E)	  Whole	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cell	  average	  fibronectin	  fluorescent	  intensity	  subtracted	  from	  average	  background	  fibronectin	  fluorescent	  intensity.	  (*)	  Indicates	  absent	  condition	  of	  control	  AsPC-­‐1	  in	  10%	  FBS.	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
Figure	  4:	  Both	  Invadopodia	  and	  Bulk	  MT-­‐MMP	  Activity	  Requires	  Intracellular	  Trafficking	  
	  	   Cells	  are	  treated	  with	  45μM	  and	  50μM	  of	  BA	  and	  DYNO	  respectively.	  (A)	  MT-­‐MMP	  activity	  is	  shown	  for	  cells	  measured	  3	  hours	  post-­‐plating.	  Cells	  are	  in	  presence	  of	  drugs	  for	  4	  hours	  total	  (1hr	  suspension	  +	  3hr	  plating)	  before	  measurement.	  (B)	  Percent	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of	  cells	  showing	  degradative	  spots.	  (C)	  Percent	  of	  cells	  showing	  invadopodia	  spots.	  (D)	  Fraction	  of	  degradation	  spot	  area	  of	  whole	  cell	  area.	  (E)	  Whole	  cell	  average	  fibronectin	  fluorescent	  intensity	  subtracted	  from	  average	  background	  fibronectin	  fluorescent	  intensity.	  (*)	  Indicates	  absent	  condition	  of	  control	  AsPC-­‐1	  in	  10%	  FBS.	  	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
Figure	  5:	  Decreasing	  Contractility	  Decreases	  Invadopodia	  Activity	  
	  	   	  Cells	  are	  treated	  with	  10μM	  and	  100pM	  of	  blebbistatin	  (B)	  and	  calyculin	  A	  (CA)	  respectively.	  (A)	  Percent	  of	  cells	  showing	  degradative	  spots.	  (C)	  Percent	  of	  cells	  showing	  invadopodia	  spots.	  (D)	  Fraction	  of	  degradation	  spot	  area	  of	  whole	  cell	  area.	  (E)	  Whole	  cell	  average	  fibronectin	  fluorescent	  intensity	  subtracted	  from	  average	  background	  fibronectin	  fluorescent	  intensity.	  (*)	  Indicates	  absent	  condition	  of	  control	  AsPC-­‐1	  in	  10%	  .	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Figure	  S1:	  Serum	  regulation	  of	  MMP	  activities	  on	  different	  ECM	  proteins.	  
	  (A)	  S-­‐MMP	  activity	  is	  shown	  under	  NO	  FBS	  and	  FBS	  conditions	  plated	  on	  0.1	  mg/ml	  collagen	  I	  coating.	  Activity	  was	  measure	  3	  hours	  post	  plating.	  (B	  &	  C)	  S-­‐MMP	  and	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MT-­‐MMP	  activities	  under	  NO	  FBS	  and	  FBS	  conditions	  plated	  on	  0.1	  mg/ml	  of	  various	  absorbed	  ECM	  coatings.	  All	  error	  bars	  represent	  95%	  confidence	  intervals.	  	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
Figure	  S2:	  ECM	  protein	  concentration	  regulation	  of	  MMP	  activities	  	  (A)	  S-­‐MMP	  activity	  and	  (B)	  MT-­‐MMP	  activity	  is	  shown	  under	  NO	  FBS	  conditions	  plated	  on	  0.1	  mg/ml	  of	  various	  absorbed	  ECM	  coatings.	  All	  error	  bars	  represent	  95%	  confidence	  intervals.	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Figure	  S3:	  Growth	  factor	  regulation	  of	  MMP	  activities	  on	  various	  ECM	  proteins.	  
	  (A)	  S-­‐MMP	  activity	  under	  NO	  FBS	  and	  FBS	  conditions	  stimulated	  with	  EGF	  or	  SDF-­‐1	  on	  0.1	  mg/ml	  collagen	  I	  absorbed	  coating	  (B	  &	  C)	  S-­‐MMP	  and	  MT-­‐MMP	  activities	  under	  NO	  FBS	  conditions	  stimulated	  with	  growth	  factors	  of	  cells	  plated	  on	  0.1mg/ml	  absorbed	  ECM	  coatings.	  All	  error	  bars	  represent	  95%	  confidence	  intervals.	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Figure	  S4:	  Vesicle	  trafficking	  regulation	  of	  MMP	  activities	  on	  various	  ECM	  proteins.	  
	  (A)	  S-­‐MMP	  activity	  under	  NO	  FBS	  and	  FBS	  conditions	  with	  or	  without	  drug	  treatments	  on	  0.1	  mg/ml	  collagen	  I	  absorbed	  coating	  (B	  &	  C)	  S-­‐MMP	  and	  MT-­‐MMP	  activities	  under	  NO	  FBS	  conditions	  with	  or	  without	  drug	  treatments	  of	  cells	  plated	  on	  0.1mg/ml	  absorbed	  ECM	  coatings.	  All	  error	  bars	  represent	  95%	  confidence	  intervals.	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CHAPTER	  6:	  CONCLUSIONS	  
	  
	   Though	  MMPs	  have	  been	  the	  subject	  of	  many	  theses	  aimed	  at	  advancing	  therapeutic	  targets	  for	  cancer	  metastasis,	  previous	  work	  has	  suffered	  limitations	  in	  both	  the	  tools	  used	  to	  study	  MMPs	  and	  the	  incorporation	  of	  a	  microenvironmental	  approach.	  	  The	  work	  outlined	  above	  advances	  both	  of	  these	  concerns	  by	  studying	  biologically	  relevant	  MMP	  activity	  in	  a	  variety	  of	  ECM	  and	  signaling	  contexts.	  	  In	  addition	  to	  using	  available	  tools	  to	  study	  specific	  MMP	  activity,	  this	  thesis	  also	  progresses	  the	  field	  of	  sub-­‐cellular,	  location	  specific,	  MMP	  activity	  sensors	  through	  the	  application	  of	  cell	  membrane	  targeted	  quantum	  dots.	  	   Past	  research	  has	  almost	  exclusively	  focused	  on	  changes	  in	  expression	  as	  a	  measure	  of	  the	  biological	  relevance	  of	  MMPs.	  	  Though	  increased	  MMP	  expression	  does	  correlate	  with	  increased	  metastatic	  potential,	  it	  has	  also	  been	  found	  that	  changes	  in	  MMP	  expression	  do	  not	  always	  infer	  changes	  in	  MMP	  activities	  [2,78].	  A	  complex	  MMP	  network	  exists	  between	  MMPs	  being	  activated	  from	  a	  pro-­‐MMP	  zymogen	  and	  natural	  occurring	  inhibitors,	  such	  as	  TIMPs	  [13].	  This	  network	  of	  MMPs	  produces	  biologically	  relevant	  changes	  via	  enzyme	  activity,	  not	  gene	  expression.	  Thus,	  to	  effectively	  target	  MMPs	  therapeutically	  we	  must	  measure	  MMP	  activity	  and	  understand	  how	  individual	  activities	  are	  regulated.	  	  	   MMP	  activity	  probes	  are	  usually	  paired	  fluorophores,	  with	  a	  cleavage	  sequence	  spanning	  between	  the	  FRET	  pair.	  Activity	  is	  then	  ascertained	  by	  measuring	  changes	  in	  intensity	  or	  wavelength	  of	  fluorescence	  emission.	  While	  some	  of	  these	  probes	  have	  achieved	  high	  specificity	  to	  individual	  MMPs	  due	  to	  specific	  cleavage	  sequences,	  many	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of	  these	  probes	  remain	  unusable	  in	  whole	  cell	  settings	  due	  to	  the	  many	  MMPs	  targeted	  by	  the	  same	  probe	  [90].	  Another	  method	  of	  gaining	  probe	  specificity	  is	  restricted	  localization	  to	  specific	  MMPs.	  MT1-­‐MMP	  lends	  itself	  as	  a	  prime	  candidate	  as	  it	  has	  known	  sub-­‐cellular	  localizations	  involving	  it’s	  tethering	  to	  the	  plasma	  membrane.	  A	  MMP	  biosensor	  targeted	  to	  the	  plasma	  membrane	  will	  potentially	  result	  in	  greater	  specificity	  for	  MT1-­‐MMP.	  	  	   Quantum	  dots	  provide	  a	  useful	  platform	  for	  biosensing	  applications.	  Their	  tunable	  surface	  and	  stable	  fluorescence,	  if	  made	  biocompatible,	  make	  them	  ideal	  for	  both	  targeting	  and	  sensing	  functions	  [86].	  In	  chapter	  two,	  it	  was	  demonstrated	  that	  QDs	  can	  be	  synthesized	  with	  different	  ligands	  to	  effect	  aqueous	  solubility.	  These	  soluble	  QDs	  can	  be	  further	  adjusted	  by	  charge	  and	  surface	  ligand	  hydrophobicity	  for	  ideal	  cell	  and	  tissue	  binding.	  Though	  some	  MMP	  activity	  sensing	  could	  be	  achieved	  with	  these	  QD	  structures	  (data	  not	  shown),	  their	  development	  is	  still	  in	  the	  nascent	  stage	  to	  measure	  biologically	  relevant	  MMP	  activities.	  	  	   Commercially	  available	  self-­‐quenched	  cleavage	  peptides	  were	  then	  used	  with	  different	  specificities	  to	  measure	  MMP	  activity	  in	  differing	  microenvironmental	  contexts	  [81,82].	  These	  peptides	  were	  demonstrated	  to	  be	  individually	  specific	  for	  S-­‐MMPs	  and	  MT-­‐MMPs	  in	  chapter	  three.	  In	  addition	  to	  cleavage	  sequence,	  specificity	  was	  inferred	  through	  the	  use	  of	  a	  MT1-­‐MMP	  function	  blocking	  antibody	  in	  chapter	  four	  [92].	  	  	   The	  ECM	  composes	  a	  large	  portion	  of	  the	  signals	  presented	  to	  metastasizing	  cancer	  cells	  within	  various	  microenvironments.	  The	  ECM	  not	  only	  provides	  a	  substrate	  for	  cellular	  adhesion,	  but	  also	  modulates	  cellular	  behavior	  through	  signaling	  inputs	  of	  organization	  and	  stiffness.	  ECM	  stiffness	  changes	  cellular	  contractility,	  with	  increased	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contractility	  and	  traction	  force	  correlating	  with	  increased	  metastatic	  potential	  [46].	  Using	  the	  specific	  MMP	  activity	  probes,	  I	  was	  able	  develop	  a	  novel	  link	  between	  ECM	  stiffness,	  cellular	  contractility	  changes	  and	  MMP	  activity	  as	  presented	  in	  chapter	  three.	  Increased	  or	  decreased	  ECM	  stiffness	  or	  cellular	  contractility	  induces	  respective	  changes	  in	  MMP	  activity.	  Cell	  adhesion	  to	  the	  ECM	  via	  hepran	  sulfate	  proteoglycans	  was	  required	  for	  stiffness	  and	  contractility	  to	  modulate	  MMP	  activities.	  Interestingly,	  the	  MMP	  response	  to	  ECM	  stiffness	  varied	  across	  the	  three	  different	  pancreatic	  cancer	  cell	  lines	  tested.	  This	  suggests	  that	  cells	  may	  change	  their	  requirements	  for	  or	  response	  to	  similar	  ECM	  mechanical	  signals	  based	  on	  cell	  type	  or	  disease	  progression.	  	  	   Though	  I	  was	  able	  to	  demonstrate	  a	  link	  between	  ECM	  stiffness,	  cellular	  contractility	  and	  MMP	  activities,	  it	  remained	  unknown	  which	  MMPs	  were	  being	  specifically	  modulated.	  	  The	  use	  of	  a	  function	  blocking	  antibody	  for	  MT1-­‐MMP	  in	  conjunction	  with	  the	  MMP	  activity	  assay	  yielded	  the	  specificity	  required	  to	  identify	  MT1-­‐MMP	  as	  the	  major	  driver	  of	  MMP	  activity	  changes	  in	  response	  to	  mechanical	  stimuli,	  as	  presented	  in	  chapter	  four	  [92].	  S-­‐MMPs	  are	  activated	  by	  MT1-­‐MMP	  [18].	  When	  pancreatic	  cancer	  cells	  were	  treated	  with	  function	  blocking	  antibody	  for	  MT1-­‐MMP,	  not	  only	  did	  MT-­‐MMP	  activity	  no	  longer	  respond	  to	  ECM	  stiffness	  and	  cellular	  contractility	  changes,	  but	  S-­‐MMP	  activity	  did	  not	  as	  well.	  This	  suggests	  that	  MT1-­‐MMP	  is	  the	  major	  force	  modulated	  MMP,	  driving	  S-­‐MMP	  activation	  in	  response	  to	  stimulation	  by	  ECM.	  	  	  	  	  	   MT1-­‐MMP	  is	  one	  of	  the	  most	  studied	  MMPs,	  with	  copious	  specific	  roles	  in	  cancer	  metastasis.	  One	  of	  the	  reasons	  it’s	  involved	  is	  so	  many	  processes	  is	  it’s	  ability	  to	  provide	  localized	  degradation	  of	  ECM,	  growth	  factor	  release	  from	  the	  ECM	  or	  S-­‐MMP	  activation	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[19].	  The	  activity	  is	  localized	  due	  to	  MT1-­‐MMP’s	  attachment	  to	  the	  plasma	  membrane	  and	  it’s	  organization	  in	  functional	  complexes.	  Specifically,	  localized	  ECM	  degradation	  by	  MT1-­‐MMP	  is	  organized	  into	  both	  focal	  adhesion	  and	  invadopodia	  [21,80].	  What	  remains	  unknown	  is	  how	  MT1-­‐MMP	  activity	  is	  regulated	  versus	  ECM	  degradation	  at	  these	  sites.	  In	  chapter	  five,	  I	  provide	  preliminary	  data	  on	  correlating	  bulk	  MMP	  activity	  with	  localized	  ECM	  degradation	  at	  invadopodia.	  Thus	  far,	  invadopodia	  and	  bulk	  activity	  are	  largely	  correlated	  in	  their	  response	  to	  known	  regulators,	  growth	  factors	  and	  intracellular	  trafficking.	  Oddly,	  serum	  supplemented	  media	  (largely	  considered	  necessary	  for	  invadopodia	  formation)	  decreases	  bulk	  MT-­‐MMP	  activity.	  This	  suggests	  that	  bulk	  MMP	  activity	  measurements	  are	  not	  always	  coupled	  with	  local	  ECM	  degradation.	  	  	   MMPs	  remain	  an	  appealing	  target	  for	  emerging	  cancer	  metastasis	  therapies.	  In	  order	  to	  effectively	  target	  MMP	  biological	  function,	  we	  must	  understand	  the	  roles	  and	  regulators	  of	  MMP	  activity	  in	  the	  context	  of	  a	  whole	  tumor	  microenvironment.	  The	  work	  detailed	  above	  provides	  some	  of	  the	  first	  direct	  measurements	  of	  MMP	  activities	  in	  live	  cells.	  MMP	  activity	  is	  shown	  to	  be	  specifically	  regulated	  by	  microenvironment	  factors	  consisting	  of	  ECM	  and	  soluble	  stromal	  components.	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